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PRKFACT. TO THE FIRST EDITION 


The following l)ook was writton to siii)j)Iy a felt by the 
author in giving a (‘ours(‘ of locturos on A})pli(Hl l^l('{‘tro(*lu‘ini«try 
in tho iMassachusclts Institute^ of TocWnology, nioro has been no 
work in English covering this whole* field, and studeuits had either 
to r(‘ly on notes or refer to the sourc{‘s from which this book is com- 
piled. Neither of these methods of study is satisfactory, for notes 
cannot lx* wi'll taken in a subje'ct when* illustrations are as impor- 
tant as they are h(‘re ; and in going to the oi igmal sources too 
much time* is re(|uired to sift out the* ess(‘ntial part. It is believed 
that, by collecting m a single* veilume the* material that would be 
eaimpriseel in a f*e)urse* aiming te> give* an ae*e*e)unt eif the most iin- 
peirtant elect roe'hemie-al inelustnes, as well as the* prine-iiial applica- 
tions of e*lee*tr(H-he*mistry in the labeiratory, it. will be* peissible* te) 
teae'h the subje*e‘t mue‘h meue satisfae*te)nly. 

The ])lan ade)f)teel in this Iieieik has be*cn tee elise*uss ('ach subject 
from the theoretical anel fre)m tlie te>e*hnie*al point of vie?w sepa- 
rately. In the the*e)retie‘al part a kimwlealge of th(*oretie‘al che'in- 
istrv is assumed. 

Full referenea's to the original seaire-e's have* be*en maele, so that 
every state*ment e*an lie easily ve*riried. It is themght that this 
will make this veelume u^e*ful also as a re*fe*rence beieik. 

An appenelix has be'cn aeleleal, e*ontaining the* meire important 
e’e'Tistants that are neaaleel in elea'treee'heime-al eadeailatieins. 

Thanks are due to the* fedlowing melivieluals anel e'eirnpanie's 
for permi.ssie)n to repreKiue*e cuts, e>r to use the material in the 
text, or fell’ both: the American Acade*my of Arts anel Sciences; 
the American Elee*troe*he*mical Socie*ty ; the ( 'arbe>rundum (hm- 
pany; Wilhe‘lm Eiig(*lmann ; Fe*rdinand Enke; the Electric 
Storage Battery CVmipany ; the Engineering and Mining Journal; 
the Faraday Society ; the Franklin In.stitute ; C'harle*s flriffin anel 
Company; (Joujd Storage Battery (^imjiany; Dr. Eugene 
Haanel ; the Hanson and Van Winkh* ( hmjmny ; Mr. Carl Hering ; 
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Mr. Walter Er Holland of Thomas A. Edison’s Laboratory ; In- 
ternational Acheson Graphite Company ; Wilhelm Knapp ; 
Longtnans, Green and Company; Progressive Age Publishing 
Company ; Dr. E. F. Roeber, Editor of Metallurgical and Chemi- 
cal Engineering ; Julius Springer; Spon and Chamberlain; John 
Wiley and Sons, 



PREFACE TO THE REVISED EDITION 

T* 

In preparing a second edition of Applied Electrochemistry puT> 
lished in 1911, it was decided to include a treatise on theoretical 
electrochemistry as well, in accordance with suggestions received 
from a number of those who have used the first edition. This 
subject presupposes a general knowledge of physics and chemistry 
at least, and it would be desirable in addition to have had a course 
in physical chemistry, since electrochemistry is a branch of physical 
chemistry which is treated at greater length on account of its 
extensive application to industry. The object has been to include 
all the theory that would be of interest to an electrochemical en- 
gineer, without expanding the work to excessive length. The 
theory, Part I, can be covered in thirty hours of class-room work 
and the applied. Parts II and III, in thirty hours. 

The works most extensively used as guides in preparing the 
theoretical discussion were Le Blanc’s Lehrhuch der Elektrochemie 
(1922), and Foerster’s Elektrochemie wdsseriger Ldsungen (1922), 
frequent references to which will be found in the text. Foerster’s 
work is especially valuable for its very complete references. For 
the most recent developments in the ionic theory and the subject 
of the activities of electrolytes, Lewis and Randall’S Thermodynamics 
has been of great assistance. 

Part II, Applied Electrochemistry of Aqueous Solutions, and 
Part III, Electric Furnaces and Their Products, have been brought 
up to date and to a large extent rewritten. 

The author wishes to thank Professors H. M. Gdodwin and 
D. C. Macinnes of the Massachusetts Institute of Technology 
for criticisms of Part I ; Mr. M. W. Merrill, Assistant Superinten- 
dent, Electrolytic Copper Refinery, United States •Metals Refining 
Company, Chrome, N. J., for reading and criticizing Chapters 
VIII and X ; Mr. Otis Hutchins, Metallurgical Engineer, The 
Carborundum Company, Niagara Falls, for criticizing. Chapters 
XVII and XVIII, and Professor R. R. Lawrence of t^e Massa- 
chusetts Institute of Technology for assistance in preparing the 
discussion of induction furnaces. ^ 

Thanks are further due to the following persons for supplying 
valuable information : Mr. H. C. Bellinger, Vice President, Chili 
vii 
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Exploration Company; Mr. 1. H. Dunham, Chief Engineer, 
Thomas A. Edison, Inc. ; Mr. A. E. Gibbs, of the Pennsylvania 
Salt Manufacturing Company ; Mr. L. E. Saunders, of the Norton 
Company; and Mr. W. C. Smith, Chief Metallurgist, United 
States Metals Refining Company, Chrome, N. J. ; also to the 
fallowing companies for allowing reproduction of material from 
■ their publications : Anaconda Copper Mining Company ; The 
Booth Electric Furnace Company, Chicago; Burdett Manufac- 
turing Company, Chicago; The Electro Chemical Company, 
Dayton, Ohio; Electron Chemical Company, Portland, Maine; 
Tfie Electrolabs Company, Pittsburgh ; International Oxygen 
Company, Newark, N. J. ; McGraw-Hill Book Company, Inc.; 
Raggett & Co., London; United States Ozone Company, Scott- 
dale, Pa., and D. Van Nostr^nd Company. 

M. DE Kay Thompson 

Rogers Laboratory of Physics 
Electrochemical Laboratory 
Massachusetts Institute op Technology 
Cambridge, Massachusetts 
November 17, 1924. 
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THEORETICAL AND APPLIED 
ELECTROCHEMISTRY 

CHAPTER I 
FARADAY’S DAW 

Definitions. — Electrochemistry is that science which treats 

(1) of the chemical changes produced by the electric current, and 

(2) of the production of electricity from the energy of chemical re- 
actions. Theoretically the two branches are equally important ; 
practically, however, the chemical changes produced by the 
passage of electricity is much the more important of the two. 

There are two classes of electric conductors, (1) those of the 
first class, metallic or electronic, in which the current is carried 
without the motion of matter, but by moving atoms of negative 
electricity called electrons, and (2) those of the second class, in 
which the current is carried by charged atoms or groups of atoms, 
called ions. This is called electrolytic conduction. 

In general, conductors i)clong exclusively to one class or the 
other, but an exception to this has been found in solutions of the 
alkali metals in liquid ammonia. These form a connecting link 
between metallic and electrolytic conduction.* Very dilute 
solutions conduct elect roly tically and as the concentration increases 
metallic conduction takes place simultaneously with electrolytic; 
finally, with concentrated solutions the conduction is entirely 
electronic. The explanation will te given later. 

The principal cases in which electrolytic conduction takes place 
are in solutions and in fused salts, hydrates, and oxides. Chemical 
changes occur only when the current crosses the boundary between 
a first- and a second-class conductor ; that is, at the electrodes, which 
are the conductors of the first class which lead the current to and 

^ Kraus, Tr. Am. Electroeb. Soc. 21, 119 (1912); J. Am. Chem. Soc. 48 , 
2529(1921). 


3 
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from the electrolyte. The electrode which leads, -the ^sitive 
current into an electrolytic cell is called the anode, while that which 
conducts the positive current from the cell is called the mthode. 

Grotthuss’ Theory. — The first satisfactory explanation of the 
fact that, in the electrolysis of water, hydrogen and oxygen 

^ appear only at the 

electrodes, was 
given by Grotthuss 
in 1805.^ Accord- 
ing to this, when 
the anode becomes 
positively and the 
cathode negatively 
charged by the ap- 
plication of a volt- 
age to the cell, the 
electric forces be- 
tween the elec- 
trodes and the neg- 
atively charged 


(h) 


id) 


H ccccccc |- 

|l DC€CCC< [j 
|l 33(l(>(>3 D| 

'•> |i ccccce i 

Fia.^ 1. — Grotthuss’ Theory op Electrolysis 

oxygen atoms and 

positively charged hydrogen atoms of water, then supposed to 
have the formula HO, caused all the molecules to turn so the 
oxygen faced toward the anode and the hydrogen toward the 
cathode, as in (a) Figure 1. If the attraction between the 
electrodes and the adjoining layer of atoms of opposite charge 
were sufficient, these would be liberated on the electrode and the 
atoms of opposite sign would be left behind (6). Those left be- 
hind would immediately combine with opposite atoms of neigh- 
boring molecules to form new molecules (d), which would then 
turn through 180 degrees so as to face in the same direction 
as before (e). This was supposed to take place instantly through- 
out the whole space between the electrodes so that for each hydro- 
gen and oxygen atom liberated at the electrodes a complete 
chain of molecules between the electrodes break up, recom- 
bine, and turn through 180 degrees. 

For about 50 years this was the accepted theory of electrolysis. 
It then became insufficient to explain the facts discovered during 
this time. It may be, however, that the Grotthuss chain action 
does take place to a certain extent, and would explain the abnor- 
mally high conductance of hydrogen and hydroxyl ions in aqueous 
* Ostwald, Elektrochemie, p. 309 (1896). 
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f 

solutions ? find in general the high conductance of ions common 
with the.’ solvent as has been found to be the case in solutions in 
pyridine, and In acetic, hydrobromic, and sulfuric acids.^ 

Faraday’s Law. — The quantitative relation between the chem- 
ical change that takes place at each electrode and the amount of 
electricity producing the change was discovered by Faraday in 
1834 and is expre-ssed by Faraday’s Law of Electrolysis, which 
may be stated as follows : When a currcMt passes across the junc- 
tion between a purely metallic conductor and a purely electrolytic 
conductoTf the quantity of chemical change produced, expressed 
in equivalents, is exactly proportional to the quantity of electricity 
which passes, and is independent of everything else, such as 
temperature, concentration, current density, etc.® For example, 
a cell containing (1) silver nitrate with silver electrodes is con- 
nected in series with (2) a cell containing copper sulfate with 
copper electrodes, and (3) with a cell containing sodium chloride 
with platinum electrodes, and the same quantity of electricity is 
sent through each cell. Excluding secoiulary reactions, if a grams 
of silver are deposited at the cathode, a grams will be dissolved 
at the anode in cell (1) ; in cell (2), if b grams of copper are de- 
posited at the catlwde b grams will be dissolved at the anode, 
and if in cell (3) c grams of chlorine are liberated at the anode 
and d grams of hydrogen and e grams oi sodium hydrate are 
produced at the cathode, the following relation will hold : 

, 107.88 63.57 35.46 . 1 .008 . 40.m 

Many careful measurements have been made to determine the 
number of coulombs neccvssaiy to decompose one chemical equiva- 
lent. These measurements consist in determining a quantity of 
electricity and the corresponding amount of chemical change. 
The chemical change nearly always selected is the deposition of 
silver from a neutral silver nitrate solution, as this is subject to 
less errors than nearly any other reaction. The quantity of 
electricity is measured by holding the current pacing the cell 
constant for a measured time. The errors in the time me^ure- 
ment are negligible. The current must be measured by a primary 

^ Danneel, Z. Elektroch. 11, 249 (1905). 

* Hantzsch and Caldwell, Z. phys. Ch. 68 , .'575 (1907). 

•Experimental Researches, Vol. 1. Series III, § 8, p. 102, and Senes VII, 
§ 11, p. 195. The statement of this law is given by Faraday in the form of 
two distinct laws. 
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instrument whose constants can be computed from its dimensions 
such as a tangent galvanometer, electrodynamometer, or current 
balance. The accuracy of these instruments depends on the 
accuracy with which their constants are known ; for the tangent 
galvanometer this depends on the accuracy of the horizontal 
component of the earth’s magnetism, and for current balances on 
the accuracy of the acceleration due to gravity at the place 
where the measurements are made. The mean value of a large 
number of determinations made at the Bureau of Standards is 
that one coulomb deposits 1.1180 milligrams of silver. ^ This 
is called the electro-chemical equivalent of silver. Taking the 
atomic weight of silver as 107.88, the faraday, the number of cou- 
lombs required to deposit one equivalent, is F = 107.88/0.0011180 
« 96,494. This is also called the electro-chemical constant. The 
value 96,540 adopted by the International Congress of Applied 
Chemistry of 1903 is based on the atomic weight of silver == 
107.93 and on the definition of the legal ampere, which in one 
second deposits 0.001118 g. of silver.^ The value 96,500 will be 
adopted in this work. A table of electro-chemical equivalents 
will be found in the appendix. 

Coulometers. — It is evident from the above that the amount 
of electricity passing through a circuit can be determined from 
the amount of chemical change produced at any electrode if this 
chemical change can be measured. There are three general meth- 
ods of making this measurement : (1) by weighing the substance 
deposited or liberated, (2) by measuring its volume, and (3) by 
titration. It seems hardly necessary to call attention to the 
fact that in any coulometer the current can be computed from 
the quantity of electricity that has passed through the circuit, 
if the current has been constant and if the time is measured. 
Current in amijercs equals quantity in coulombs divided by 
time in seconds. 

The errors of coulometers are those inherent in the measure- 
ment of weight and volume or in titration, and also those due 
to imperfections in the coulometer it-self. The latter may come 
from a variety of causes, such as the liberation of other sub- 
stances than the one assumed, or the loss of the substance after 
deposition and before weighing. The errors of each coulometer 
described below will be pointed out. 

» Bull. Bureau of Standards, 1, 363 (1905) ; and Scientific Paper No. 285 
(1916). 

* See appendix. 
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The silver coulometer is the most accurate of all coulometers. 
The specifications ^ for the use of this couloimeter proposed by the 
Bureau of Standards are the following. These are intended for 
an accuracy of 0.001 percent, and for this accuracy the reault 
should be the mean of several separate experiments with two or 
more coulometers in series. 

For work requiring 0.01 percent accuracy the precautions may 
be somewhat reduced though the mean of several deposits should 
be taken. The labor of weighing the deposits and purifying the 
salt may be coiLsidcrably lessened, provided the unpurified electro- 
lyte does not contain more than 25 parts of acid in 1,000,000 or 
enough alkali to produce striation. No observations should be 
used in which the deposits show striatign. 

For work requiring 0.1 percent accuracy, the c. p. silver nitrate 
prepared by the best manufacturing chemists may be used with- 
out purification. A small amount of filter paper may be used to 
separate anode and cathode. This will cause striation, but de- 
posits showing excessive striations of leaden color should not be 
relied on. With careful manipulation the mean of two deposits 
should give results of the desired accuracy. 

Specificatiom — 

1. The electrolyte shall consist of 10 to 20 g. of silver nitrate in 100 cc. 
of solution made with water having a specific conductance of not more than 
2 X 10~® mho per centimeter cube. 

2. The electrolyte must be free from organic or other reducing sub- 
stances and from colloids. Reducing substances are tested for chemically 
by adding O.OOl-a-KMnOi solution 1 cc. at a time to 10 cc. of 66 percent 
solution of the AgNOa acidified until the color persists for 5 minutes. 
(See Vol. 9, p. 531.) The crystalline deposit must be free from striations, 
and the same weight of deposit .should be given by a small and by a large 
coulometer. Heavier deposits are obtained in large rather than in small 
coulometers if reducing impurities are pre.sent. 

3 The silver nitrate may be purified by crystallization from acid 
solution and by fusion. If the chemical test for purity is omitted, it 
should be purified until further crystallization from acid solution and 
subsequent fusion does not change the weight of the deposit. Before 
making up the .solution the surface of the fused cake should be washed. 

4. The coulometer should not contain less than 75 cc. in the cathode 
chamber, and the deposit should not reduce the concentration in the 
cathode compartment below 5 percent. 

5. The electrolyte must be neutral or slightly acid as tested by methyl 
red or iodeosin. As one part in 1 ,000,000 of base may increase the deposit 

1 Rosa and Vinal, Bull. Bureau of Standards, 18, 479 (1916). 
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appreciably it may be better to have an acidity of one part in 1,000,000 
than to risk a slight basicity in trying to make strictly neutral. Any 
diaphragm material which makes the electrolyte basic or produces more 
than a trace of acid must be avoided. 

6. The most convenient form of cathode is that of a bowl or crucible 


preferably of platinum, but gold, which is less durable, may be used. 
The capacity should be from 125 to 400 cc. The form used by Richards, 
Collins, and Heimrod is shown in Figure 2 } The porous cup of Pukall 
ware, made by John Maddock of Trenton, N. J., is to prevent anode mud 
from dropping on the cathode, and the level of the liquid in the cup is 



below that outside, in order to 
cause a flow in the direction op- 
posite to Ag 3 + ions, which would 
cause a deposit of too much 
silver if they reached the cath- 
ode. 

The surface of the cathode 
should be smooth and bright, 
and the dei)osit should be re- 
moved by acid or by electroly- 
sis. The current density 
should not exceed 1 amp./sq. 
dm. The current should be 
constant and not more than 1 
ampere and the time not less 
than 1 hour. 

7. The anode should be of 
pure silver and is preferably 
coated with electrolytic silver. 
It should be heated to 200® be- 
fore used to remove any acid 
coming from the solution. Its 
size should be as large as the 
cathode permits. 

8. After thorough washing, 
the cathodes are dried at 
150®, and weighed. The 


Fio. 2. Porous Cup Coulombtbb weight of silver is reduced to 


vacuo. 


Pure distilled water should be used for washing, and may be tested 
with KBr for AgNOs , or the conductivity may be determined and com- 
pared with its initial conductivity. Five to seven washings are usual, 
and they should be done without delay. It is not desirable to soak the 
deposits in water overnight. 


* Proc. Am. Acad. 87, 416 (1902). 




10 THEORETICAL AND APPLIED ELECTROCHEMISTRY 


The copper coulometer consists usually of two sheets of copper 
for anodes, with a thin copper sheet hung between them as cathode, 
in an acid solution of copper sulfate. It is not so accurate as 
the silver coulometer for several reasons. In the first place, only 
0.29 gram copper is deposited to every gram of silver. This 
reduces the percentage accuracy of the weight to about one third 
of the value it would have for an equivalent amount of silver. 
More important than this are the chemical reactions that tend 
to change the weight of copper deposited on the cathode from the 
correct weight. The copper cathode dissolves slightly in acid 
cupric sulfate, in the presence of oxygen : 

Cu + 0 -f H2SO., = CUSO4 + H2O, 

thereby reducing the weight of the cathode. On the other hand, 
in a neutral solution the plate gains in weight, due to a covering 
of cuprous oxide coming from hydrolysis of the cuprous sulfate. 

The solution generally used in the copper coulometer is that 
recommended by OetteV consisting of 1000 grams of water, 
150 grams of crystallized copper sulfate, 50 grams of concen- 
trated sulfuric acid, and 50 grams of alcohol. P’or ordinary 
purposes the exclusion of air is not necessary. The current density 
on the cathode should lie between 2 and 20 milliamperes per square 
centimeter. The advantages of the copper over the silver coulom- 
eter are its greater cheapness and the greater adhesiveness of 
the deposit on the cathode. The average error of a single deter- 
mination is from 0.1 to 0.‘1 percent.^ A convenient form of the 
copper coulometer is shown in Figure 3. The inside dimensions 
of the glass vessel are approximately 4.3 centimeters in width, 
16 centimeters in height, and 17 centimeters in length. 

The water coulometer measures the quantity of electricity passing 
through a circuit by the amount of water decomposed between 
unattackable electrodes dipping in a solution through which the 
current flows. The amount of water decomposed may be deter- 
mined by measuring the loss in weight of the coulometer, by 
measuring the total volume of gas produced, or by measuring the 
volume of either one of the gases separately. 

The decomposition of water by the electric current was first 
observed by Nicholson and Carlisle* in 1800. In 1854 Bunsen * 

» Chem. Zoitung, 17, 543 and 577 (1893). 

* Ostwald-Luther, Hattd- und HvUfsbuch, 3d ed. 497 (1920). 

® Gilbert’s Ann. 6, 340 (1800). 

« Pogg. Ann. 91, 620 (18,54). 
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used a water coulometer in which the loss in weight was deter- 
mined; and since then others have devised coulometers on the 
same principle.^ Figure 4 shows a con- 
venient form of the apparatus, having a 
drying tube sealed directly to it; for 
before leaving the cell the gases must, 
of course, be thoroughly dried so that 
no water vapor is carried off with them. 

It is evident that this instrument can- 
not give great accuracy on account of 
the relatively small change in weight 
produced by the passage of an amount 
of electricity equal to the electrochenii 
ical constant. In the cas(* of water the 
change in weight is only 9 grams, as 
compared with 31.2 grams of copper 
and 107.9 grams of silver. The errors 
inherent in the instrument itself are due 
to the formation of other products than 
hydrogen and oxygen. If a solution of 
sulfuric acid is used between platinum 
electrodes, the oxygen liberated on the 
anode contains a certain amount of 
ozone.2 Pcrsulfuric acid, li^SoOs, and 
hydrogen peroxide, due to the oxidation 
of water by the pcrsulfuric acid, are 
also produced. The production of per- 
sulfuric acid is a maximum when th(‘ 
concentration of the solution is be- 
tween 30 and 50 grams of sulfuric acid 
to 100 grams of water.^ For this reason 
a 10 to 20 percent solution of sodium 
hydrate is often used, in which none 
of the above disturbing reactions occur. 

The presence of even a small amount of salt of a metal with two 
different valences, such as iron, may cause a very large error. 

The silver titration coulometer of Kistiakowsky < is sometimes 
convenient where the current docs not exceed 0.2 ampere and 



^ L. N. Ledingham, Chem. News, 49, 85 (1884). 

* Schonbein, Pogg. Ann. 60, 616 (1840). 

* Franz Richarz, Ann. d. Phys. 24, 183 (1885) ; 31, 912 (1887). 
< Z. f. Elektrorh. 12, 713 (1906). 
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where the duration of the experiment does not exceed an hour. 
A silver anode is dissolved in a 10 percent potassium nitrate solu- 
tion by the passage of the current, and the solution is then titrated. 
In the form shown a silver anode is at the bottom in the nitrate 
solution with which the tube is J filled. Then i to i normal nitric 
_ acid is carefully poured on top of the nitrate solu- 
tion and a platinum cathode is immersed in the 
acid. After the experiment the potassium ni- 
trate solution containing the dissolved silver is 
drawn off and titrated with 0.02 normal potas- 
sium thiocyanate, and a saturated iron alum solu- 
tion as indicator. The error of a single determi- 
nation may amount to 0.5 percent. 

The iodine couLometer,^ in which the iodine, set 
free at the anode by the passage of the current 
through a potassium iodide solution containing 
iodine, is titrated, has been found comparable in 
accuracy with the silver coulometer. This reaction 
is completely reversible, so that the free iodine 
reduced at the cathode to iodide may be used as 
a check on the amount set free at the anode. 
Of course the anode and cathode compartments 
must be completely separated so that no mixing 
of their contents can take place. 

When coulometcrs are used for commercial pur- 
poses they arc called electrolytic meten^. At the 
beginning of electric lighting the Edison meter, 
consisting of zinc electrodes in a zinc sulfate 
solution, was used. The quantity of electricity 
was determined by the loss in weight of the anode. 
Many other technical meters have been devised, 
but they are of no importance in this country.* 
Current Efficiency. — It does not necessarily fol- 
low from Faraday’s law that in an electrolysis 100 
percent of the amount of product calculated will 
actually be obtained. Secondary effects may pre- 
vent this. For example, in copper refining an appreciable amount 
of copper is redissolved by the action of the air and sulfuric acid, 
and in nickel plating hydrogen is deposited with the nickel. 


Fig. 5. — Kistia- 
KOWHKY Ti- 
tration Cou- 

LOMETSR 


^Washburn and Bates, J. Am. Ch. Soc, 34 , 1341 (1912); Vinal and 
Bates, Bull. Bureau of Standards, 10, 425 (1914). 

*SeeNorden, Elektrolytische Zdler (1908). 
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Consequently in these and similar cases only part of the copper 
or nickel calculated from Faraday ^s law is obtained. The ratio of 
that obtained to the theoretical amount is called the current effi'- 
cicncy, and is usually expressed in percent. 

Current Density. — The current divided by the are^ of the 
electrode is called current density, and is usually expressed in 
amperes per square decimeter or per square foot. 

Current Concentration. — The current divided i)y the volume 
on which the current acts is called the current concentration. A 


high value of this 
quantity is desira- 
ble if a high con- 
centration is to be 
produced of some 
compound subject 
to chemical decom- 
IX)sition.^ 

Intermediate 
Electrodes. — When 
an elcctrodeis placed 



Fio. C. — Skhies Electuodes 


between the electrodes connected to the source of electricity so that 


a part or the whole of the current must pass through it, this is 


called an intermediate electrode. The face toward the anode is a 


cathode, and that towards the cat hode is an anode. Any number of 
electrodes may be so placed as shown in L’ to (r in Figure 6. Inter- 
mediate electrodes are used in the s(‘ries system of copper refining. 
Multiple or Parallel Connection applies to electrodes when every 



alternate electrode 
is connected to one 
terminal of the 
current supply and 
the remaining elec- 
trodes to the other, 
as shown in Fig- 
ure 7. 

Nomenclature.— 

It is evident from 
Faraday’s law that 
in a solution of an 


electrolyte a definite quantity of electricity, a faraday, must 
be combined with one equivalent of atoms or radicals. These 


1 Tafel, B. B. 33, 2212 (BKK)). 


14 THEORETICAL AND APPLIED ELECTROCHEMISTRY 

combinations of atoms or radicals with electricity are the 
ions referred to above. It is their motion through the solu- 
tion which constitutes the current. From the fact that some 
are deposited on the cathode and some on the anode, it fol- 
lows that some ions have positive and others negative charges. 
Those ions with positive charges are deposited on the cathode, 
and are called cationsj those with negative charges on the anode, 
and are called anions. Thus in electrolyzing a solution of nickel 
chloride, nickel deposits on the cathode and chlorine on the anode. 
Chlorine is therefore combined with negative and nickel with 
positive electricity. In general, in solution the metals and hydro- 
gen possess positive charges, forming cations, while the halogens 
and all acid radicals poss«ss negative charges, forming anions. 

Avogadro’s Number. — The numlx'r of positive charges of a 
cation is due to the number of electrons lost, and the number of 
negative charges gained by anions is due to the numlx^r of elec- 
trons gained by the atom or radical in question. If N is the 
Avogadro number, that is, the number of atoms in one atomic 
weight of any element (= 6.06 X 10^®), and e the elementary 
charge of electricity carried by one electron (== 1.59 X 10“*® 
coulomb), then the faraday F = Ne. 

Problem 1. Three cells containing respectively (1) copper sulfate 
acidified with sulfuric acid, (2) cuprous chloride in sodium chloride,' 
and (3) cuprous cyanide with a small excess of potassium cyanide are 
electrolyzed for one hour with a current of one ampere with copper 
electrodes. What is the weight of copper dissolved at each anode and 
deposited at each cathode? Assume 100 })ercent current efficiency. 

Problem 2. In a copper coulometer it is found that 1.779 g. of 
copper are deposited in one hour. Calculate the current. 

Problem 3. In a copper-refining tank containing 30 anodes and 30 
cathodes connected in parallel and each 3 feet .square, the current 
density is 20 am|x;res per square foot. Calculate the current in the 
tank and the amount of copper deposited in 24 hours at 95 percent 
current efficiency. 

Problem 4. Calculate the amount of aluminum deposited a day 
in a 10,000-ampere cell, from a fused mixture of cryolite and aluminum 
oxide, at a current efficiency of 80 percent. 

Problem 6 . Calculate the volume of chlorine produced a day in a 
3760-ampere cell, by electrolyzing a solution of sodium chloride with 
92 percent current efficiency. Assume the temperature of the gas to 
be 20® C. and the pressure 760 mm. of mercury. 

Problem 6 . If a current of 0.3 ampere is passed through a dilute so- 
lution of sulfuric acid for 30 minutes, what volume of hydrogen and what 
volume of oxygen will be produced, measured at 76 cm, and 25® C.? 



CHAPTER II 


THE ELECTROLYTIC DISSOCIATION THEORY 
AND MIGRATION OF IONS 

Before explaining more full}' tho conduction of electricity 
through electrolytes, it will be necessary to give an account of the 
electrolytic dissociation theory, which is of fundamental importance 
to electrochemistry. ^ 

Osmotic Pressure. — If a solution is placx'd in a tube closed at 
the bottom by a meunbrane |x>rmeable to water but not to tho 
solute, a sr>-called semipermeablc 
membrane, tho solution will rise to a 
point B in Figure 8, drawing water in 
through the membrane. A semiper- 
meablc membrane may be mad('. by 
precipitating cuprous fcrrocyanide in 
the pores of a clay cup. 

Osmotic pressure may be defined 
as the hydrostatic pressure of the 
column of liquid when equilibrium has 
been established. It may be consid- 
ered to be due to the tendency of the 
dissolved particles to increase the vol- 
ume in which they arc contained, just 
as a gas tends to expand. It is also 
the cause of diffusion from a place 
where the concentration is high to f.o. 8.-0,mot..- Prkssukb 
where it is low. Osmotic pressure can 

be observed directly only by means of an arrangement similar 
to the one in Figure 8, because it is overbalanced by a much 
greater force at the surface of a solution. 

It was shown by van’t Hoff in 1885 that for many dissolved 
substances the osmotic pressure is the same as its pressure as a 
gas would be if the dissolved substance were changed to a gas 
without decomposition and contained in the same volume that the 
solution occupies. It was found further that in dilute solutions 
the gas law equation PV — nHT applies to osmotic pressure, 

15 




16 THEORETICAL AND APPLIED ELECTROCHEMISTRY 


where P is the osmotic pressure, V the volume of the solution, n 
the number of mols in the solution, R the gas constant, and T the 
absolute temperature. The value of R may be calculated from 
the fact that at 273° absolute one mol of any gas has a volume of 
22.42 liters at atmospheric pressure. Therefore R = 22.42/273 = 
0.0821 liter atmospheres per degree, or 1.985 calories per degree. 
Since the gas law holds it is a necessary consequence that Avoga- 
dro’s principle holds for those solutions ; consequently at equal tem- 
peratures the number of solute molecules in a given volume is the 
same as the number of gas molecules in the same volume when the 
gas pressure is equal to the osmotic pressure. 

Theory of Arrhenius. — Other properties of solutions which 
depend on the number of solute molecules are the raising of the 
boiling point, the lowering of the freezing point, and the lowering 
of the vapor pressure when a non-volatile substance is dissolved in 
a solvent. Thus, one tenth of a mol of sugar dissolved in 1000 
grams of water lowers the freezing point by 0.186° and the boiling 
point is raised by 0.52°. The same values are found for all sub- 
stances except electrolytes, which give larger values. A solution 
of one tenth mol of sodium chloride per liter, for example, gives 
nearly twice the expected freezing point lowering, nearly twice 
the expected rise in boiling point, and nearly twice the expected 
osmotic pressure. Since these deviations vary with the nature of 
the solute and the concentration, it may be said in general that 
the effect of electrolytes is i times as much as expected. This may 
be expressed for osmotic pressure by the equation PV — niRT, 
or for the abnormal freezing point thus : 

abnormal freezing point lowering _ . 
normal freezing point lowering 

In order to account for this abnormal behavior, Arrhenius ^ 
proi)Osed the theory that electrolytes arc dissociated to a certain 
extent into positive and negative ions, thus increasing the number 
of solute molecules, since an ion has the same effect on these 
properties as a molecule. This is known as the electrolytic dis- 
sociation theory. This idea of electrolytic dissociation was not 
originated by Arrhenius, but he was the first to present the evidence 
that in strong electrolytes the larger part of the dissolved substance 
existed in the form of ions. Electrolytic differs from gaseous 
dissociation in that the products of electrolytic dissociation are 
combined with electricity and the character of the substance is 
* Z. phys. Ch. 1, 631 (1887). 
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thereby completely changed ; for example, a potassium ion docs 
not act on water. 

The value of i can l)e computed as follows. Let x be the degree 
of dissociation and the number of parts into which the electro- 
lyte dissociates, then i ~ \ ~ x nx, from which the degree of 
dissociation is 



Ions may bo either charged radicals or charged elementary 
substances as will be evident from the following equations of ioni- 
zation ; 

NaC1 Na+ + (V, 

Na^SCb z;±. 2 Na+ + ^(>4--, 

K4Fc(CN) 6 :^4 K+ -f Fe((^N)6 . 

The sign indicates that the reaction is reversible. It is 
evident +hat sodium chloride can dissociate in only one way, but 
that more complicated molecules might dissociate in more than one 
way. It is often possible to determine into what ions a molecule 
dissociates by trtinsference measurements, as will be explained 
below. 

Dissociating Power and Dielectric Constant. — It is found that 
there is a rough proportionality botwe(*n tlie dielectric constant 
of solvents and their dissociating power, thougli this relation 
cannot be put in the form of an e(|uation. Solvents with high 
dielectric constants, like water, dissociate dissolved substances to 
a high degree, while solvents with low dielectric constants dis- 
sociate dissolved substances to a less degree. This is what would 
be expected from the fact that the attraction of electric charges 
for each other is invei*sely proportional to the dielectric constant 
of the medium surrounding them. 

This subject has been studied by Walden ^ who determined the 
conductance at infinite dilution of t(‘traethylammonium iodide, 
N(C2Hfi)4, in fifty different solvents and for these particular cases 
found the relation to hold. It is not an infallible rule, however ; * 
iodine, for example, has a higher conductance at the same dilution 
in acetone, whose dielectric constant is 2l , than in epichlorhydrine, 
whose dielectric constant is 26. Conductance is not such a good 

1 Walden, Z. phys. Ch. 64, 129 (1906); McCoy, J. Am. Ch. Soc. 30, 1074 
(1908). 

» Shaw, J. Phys. Chem. 17, 162 (1913). 
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property to compare as ionization coefficients because it involves 
the migration velocity which is not constant in different solvents. 
If the dissociation constant is taken/ which is a measure of the 
dissociation, there are still exceptions, but they are not so striking. 
This is shown in Table 1, which gives in parallel columns values of 
the equilibrium constant k and the equivalent conductance at 
infinite dilution of typical salts in different solvents and the di- 
electric constant of the solvents.^ These data were compiled from 
existing measurements. 

Table 1. Dissociating Poweii and Dielectuic Constant 


Solvent 

c 

SoLtJTM 

Tkmv 
Deo. C. 

Eq. Cono 

AT Inf. Dil 

k X 10* 

D. C. 

Water 

KCl 

18 

128.9 

about 200 

80 

Benzonitril 

Nal 

25 

49 

55 

26 

Propyl alcohol .... 

Nal 

18 

20.G 

45 

23 

Acetone 

Nal 

18 

67 

40 

22 

Acetophenone .... 

Nal 

25 

35 

44 

19 

Ammonia 

Nal 

- 33.5 

301 

30 

19 

Methylethyl ketone . . 

Nal 

25 

139 

25 

18 

Isobutyl alcohol . . . 

N«I 

25 

13.7 

12 

18 

Aceto-acetic ester . . . 

Nal 

18 

30.7 

about 15 

16 

Pyridine 

Nal 

18 

61.5 

11 

12 

Isoamyl alcohol . . . 

Nal 

25 

9.5 

4 

15 

Pyridine 

KI 

18 

64 

5 

12 

Sulphur dioxide .... 

KI 

- 10 

207 

7 

15 


KI 

10 

240 

4 

15 


The MiGitATioN of Ions 

Faraday’s law indicates that the electric current is carried 
through solutions by the migration of ions, but says nothing about 
the relative or absolute velocity with which they move. This 
relative velocity can be determined from the concentration changes 
that take place at the electrodes, as was shown by Hittorf.® 
Referring to Figure 9, suppose the electrolytic cell contains 30 gram 
atoms of hydrogen ions and an equal number of chlorine ions, and 
that the cell is completely divided into three equal parts by two 
porous partitions placed between the electrodes. These partitions 

* See page 42, 

* Bray, Tr. Am. Electroch. Soc. 21, 143 (1912). 

* Pogg, Ann., Vols. 89, 98, 103, 100 (1853-59). 
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do not interfere with the passage of the current but prevent mechani- 
cal mixing of the solution in the three compartments. Suppose six 
faradays of electricity to pass, dejwsiting six equivalents of hydro- 
gen on the cathode at the right and six of chlorine on the anode 
at the left. If (1) the current were carried entirely by positive 
ions, during the time that six equivalents are deposited on the 
electrodes six equivalents of positive ions would pass across every 
section of the cell and the concentration of IK'l in the cathode com- 
partment would remain unchanged, since all six positive ions liber- 



-I 


1 ! ! ! ! 

6 I 10 I 9 

! 


(3) OF passed, 5 F carried by hydroyen, I F by chlorina 
Fig 0. — Miokation of Ions 


ated arc replaced by the six by migration and no negative ions are 
lost. At the anode six negative ions arc lost by dej>osition and 
six positive ions have left the compartment by migration so that 
the concentration of the anode solution is diminished by six equiva- 
lents of HCl. 

If (2) chlorine and hydrogen ions have equal velocities, they 
would each carry half the current. As far as the current is con- 
cerned these two cases are equivalent electrically since the motion 
of positive electricity in one direction is the same as the motion 
of an equivalent amount of negative electricity in the opposite 
direction. In this case the cathode would lose six equivalents 
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of hydrogen by deposition hut would gain three by migration and 
would therefore have a net loss of three equivalents. There would 
also be a loss of three equivalents of chlorine by migration so that 
the loss in hydrochloric acid in the cathode compartment would 
be three equivalents. At the anode the conditions would be 
similar with a loss of three equivalents of hydrochloric acid. 

Finally (3), if hydrogen ions move with five times the velocity 
of chlorine ions, as is actually the case, then five equivalents of 
hydrogen cross every section of the cell toward the right while 
one of chlorine cro.sses to the left. The resulting coru^entrations 
are then those represented in (3) Figure 9. In the cathode com- 
partment six ecpiivalents of hydrogen are deposited but five migrate 
in, with a net loss of ono equivalent. One equivalent of chlorine 
is lost by migration and the cathode compartment therefore loses 
one equivalent of hydrochloric acid. Similar reasoning will show 
that the anode loses five ecpiivalcnts. From this it is clear that 
the following relation holds : 

Velocity of ration _ U,- _ Loss in equivalents at anode 
Velocity of anion Ua Loss in equivalents at cathode 

_ Equivalents of (na tion tr ansferred to cathode 
Equivalents of anion transferred to anode 

From this it follows by proportion that 

Uc _ P/iuivalents of cation transferred to cathode 
Vc "h Va Total equivalents of ions transferred in both directions 

This fraction is called the transference number or transport ratio 
of the cation, «f, and Ua/Ua -f I/c = na is the transference number 
of the anion. Evidently v,. + ~ 1 ; that is, the sum of the 

equivalents of positive and negative ions that cross any section 
of the electrolyte when one faraday passes equals unity. The 
same considerations apply to polyvalent ions. 

In making transference measurements it is necessary to keep the 
contents of the anode and cathode compartments completely 
separate, and many different cells have been devised for this 
purpose. Figure 10 shows a transference cell suitable for lab- 
oratory experiments where the concentration change is to be 
determined only at one electrode.^ For determining the trans- 


‘ Ostwald-Luther, Hand- und Hulf.sbttch, p. 504 (1920). 
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ference number of silver in silver nitrate the right-hand branch is 
partly filled with concentrated copper nitrate solution, the rest of 
the cell with a twentieth-normal solution ^of silver nitrate. A 
current of 10 milliamperes is passed for about two hours through 



Fig. 10 . — Cell foh Deteu.mining Thankfekencb 

Nl MHKItK 


the cell with a silver coulometer connecti'd in series. The following 
data illustrate the calculation. 


Before experiment, content of 1 g. water . . . 0.00739 g. AgNOj 

Weight of anode portion after expi'ri- 

ment leaving level nt D 23.38 g. 

Anode portion contained .... ... 0.2301 g. AgNOa 

Weight of water in anode j)orl ion 23.11 g. 

Content of this weight of water liefon' 

experiment 0.1710 g. AgNO* 

Gain in anode portion 0.0051 g. AgNOi 

or 0.000383 equivalent 

.Deposited in coulometer 0.000723 wiuivalent Ag 
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The same amount must have dissolved at the anode, therefore the 
amount that migrated from the anode compartment is 0.000723 - 
0.000383 *» 0.000340 equivalent. The transference number of silver is there- 
fore 0.000340/0.000723 = 0.470. The middle portion is also always drawn 
oflf and analyzed to be sure its concentration remained unchanged. 

Table 2 gives the transference numbers of some of the more 
important electrolytes.^ 


Table 2. Cation Transference Numbers at Different Temperatures 
Noyes and Falk, J. Am. Chem. Soc. 33, 1454 (1911) 



‘ Noyes and Falk, J. Am. Chem. Soc. 33 , 1454 (1911). 

• From Kohlrausch and Holborn, LeUvermdgen der Ekcktrolyte (1916). 
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The Change of Transference Numbers with Temperature and 
Concentration. — Tabic 2 shows that transference numbers are 
functions of the concentration, and that the effect of concentration 
is more marked at high concentrations than at low. In dilute 
solutions limiting values are approached. In general, at higher 
concentrations the transference number of the more slowly moving 
ion decreases.^ This change with the concentration is probably 
due to a change in the viscosity of the solution and to a change 
in the hydration of the ions. It is also possible that complex 
ions may form at higher concentrations, such as BaCU'” or 
Mg(S04)2— . 

Transference numbers approach 0.5 with increasing temperature. 
This is due to the fact that at higher ten>^)eratures the conductances 
of the ions become more nearly equal, i)robably due to the hydra- 
tion of the more rapidly moving ions increasing and approaching 
that of the more slowly moving ions.^ 

The conductance of the more slowly moving ion changes almost 
in exact proportion to the fluidity change of the solvent, which 
would indicate that the approaching equality of the two con- 
ductances is not due to the loss of water by the slowly moving ion. 
That transference numbers approach the value 0.5 would also be 
partly due to the fact that if the numerator and denominator of a 
fraction are each increased by approximately equal amounts, the 
value of the fraction becomes more nearly equal to 0.5. Thus 
if a and b are the mobilities of two ions at 25° and a x and h y 
the corresponding values at 50*^, then if x and y were equal, 

^ . an.l 

a + x-f-h-f-y a X -j- b y 

would both be nearer 0.5 than 

a , b 
- — and — • 

a b a b 

Moving Boundary Method of Determining Transference 
Numbers. — It is evident from the equation Uc/ Ue Ua ^ fic 
that if the velocities of the ions could be measured directly, this 
would give another method of determining transference numbers. 
This has been done by means of an apparatus represented in 

’ Kraus, The Properties of Electrically Conducting Systems, p. 25 (1922). 

* Kraus, l.c., pp. 202 and 124. 

'Denison and Steele, Z. phys. Ch. 57, 110 (1907); DeniHon, Tr. Faraday 
Soc. 6, 165 (1909). 
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Figure 11. A solution of the salt to be investigated, forexarnple 
sodium chloride, is placed in the tul)e between the solutions of two 
, other salts, each with an ion common to 



sodium chloride, such as lithium chlo- 
ride and sodium acetate. The current is 
passed for a given time in the direction 
shown during which the boundary a 
moves to a' and b to b'. In order to 
keep the boundaries sharp the lithium 
ion must have a smaller velocity than the 
sodium and the acetate must have a 
smaller velocity than th(' chloride. Those 
■Li Cl conditions are fulfilled for these salts. 

hh' then represents the distance moved 
by the sodium ion while the chloride ion 
moves the distance aa'. These distances 
must be corrected for the volume changes 
taking place at the electrodes.^ The 
Naa transference number of sodium is then 

— The boundaries arc visible 
aa' + bl/ 

on account of the difference in the indices 
of refraction of the solutions. The results 
obtained by this method agree with those 
by the Hittorf method, but have a higher 
CNCOONa reproducibility, and can give 

^ correct results if the conditions are prop- 

erly chosen. 

True Transference Numbers. — Nei- 
ther of the methods for determining 
transference numbers just described gives 
true transference numbeis, except in di- 
lute solutions, on account of the hydra- 
tion of ions, and consequent motion of 
water with the ions. If the cation of a 
salt has more molecules of water attached 


Fio. IL — Tranhfbrence to it than the anion, then after an elec- 
Mkthod'^^^^ Boundary trolysis there will be more water in the 
cathode compartment than if the two ions 
were equally hydrated. Suppose the net number of mols of solvent 
transferred to the cathode compartment j^er faraday is A N and that 


^ Lewis, J. Am. Ch. Soc. 32, 862 (1910). 
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in the solution there are N, equivalents of solute to Nu, equivalents 
of water, then the relation between the true cation transference 
number ordinary Hittorf transference number n" is, 

nf = wf + the anion, 

sVnee m Wve of tbe, oa,\\\ot\e eompaTlment too \\tt\e sa\t 

would be found \)y the amount ^N{NJ N^) per faraday. True 
transference numbers have been o))tained by usinp; a stationary 
reference substance siich as raffinose.^ These experiments consist 
in determining the conctaitration of the raffinosc in the anode or the 
cathode compartment before and after the experiment as well as 
the change in the (quantity of salt in thocompartment in question. 
From the change in the concentration of the raffinosc or other 
indicator as measured by a polariscope the quantity of water 
transferred can be computed. Of course blank tests have to show 
that the indicator does not migrate under the influence of the po- 
tential gradient. Table 3 gives some results of such measurements. 

Tahlk 3. Hydkation of Ions in 1.3 Normal Solutions 


Salt 

M(»lh of Wateu 
Carrikd jrom 
Anodf. to C^T£1- 
OOE PKK 

Farad \Y 

Trfe 
Tka SHF KU- 

Ni'mdlh 

OF C\TION 

Trvnsfer- 
KNCK NfM- 

IIKH OF CaT- 
IO\ I\F 
Dili’tion 

Hi rrouF 
Tuansfkr- 
KNCK NfM- 
»m OF 
f 'at ION 

Moi.h Water on Cation 
When .\nion ih Arhumkd 
to Have 

0 

4 

10 

iia 

0.24 ± 0.04 

0.844 

0.8:33 

0.82 

0.28 

1.0 

2.1 

CsCl 

0.33 ± 0.06 

0.491 

0.491 

0.485 

0.67 

4.7 

11.0 

KCl 

0.60 ± 0.08 

0.495 

0.495 

0.482 

1.3 

5.4 

11.5 

NaCl 

0.76 ± 0.08 

0.38:1 1 

0.31Ki 

0.366 

2.0 

8.4 

18.0 

LiCl 

1.5 ± 0.1 

0.304 

0 3.30 

0 278 

4.7 

14.0 

28.0 


From this table it is seen that 0.24 mol of water is transferred to 
the cathode compartment with 0.84 mol of hydrogen ; therefore, 
if the chloride has no water of hydration, the least amount of water 
that can be attached to one mol of hydrogen is 0.24/0.84 = 0.28 
mol. Suppose next that the chloride ion has four mols attached to 
it; then the hydrogen ion must still carry enough more water 
molecules to make the net result the same. That is, if x is the 
number of mols of water attached to the hydrogen ion, then 

* Washburn, J. Am. Ch. Soc. 31 , 322 (1909) ; Washburn and Millard, 
iWd. 37 , 694 (1915). 
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0.884 X ~ 0.156 X 4 = 0.24, whence x = 1. The other values 
in the last two columns are similarly calculated. If there were 
any method of finding the hydration of a single ion, the others 
could be determined, but no such method has yet been found. 

Solutions with More Than One Electrolyte. — In case the 
solution contains more than one electrolyte, all of the cations 
migrate to the cathode and all of the anions to the anode, just as 
when only one salt is present. The proportion of the current 
carried by each salt will depend on the concentration and the 
dissociation of the salt and the velocity of migration of its ions. 
This was shown by Hittorf by electrolyzing a solution containing 
both potassium iodide and chloride. Since the transference 
number of these salts is 4he same, their relative concentrations 
should remain unchanged throughout the coll, except in the anode 
compartment, where a change would occur on account of the fact 
that only iodine is set free. This was confirmed by experiment. 
This calls attention to the important fact that the ions that are 
liberated at the electrodes are not necessarily the ones that carry the 
current through the solution. As will he explained later, those ions 
are deposited whose deposition requires the least energy, and 
this has nothing to do with transference or tlio conductance of the 
solution. 

Constitution of Electrolytes from Transference Numbers. — 

The determination of transference numbers shows, in some cases, 
the kinds of ions into which an electrolyte dissociates. For 
example, a transference experiment in a solution of KAg(CN )2 
shows that silver migrates to the anode, therefore silver must be 
in the anion Ag(CN) 2 ~. Similarly, the iron in K 4 Fe(CN )6 mi- 
grates to the anode, showing that it is contained in the complex 
anion Fe(CN)(j , and platinum in Na 2 PtCl 6 is in the anion 

PtClr-. 

Acids dissociate into hydrogen and the acid radical, but acids 
with more than one hydrogen atom may dissociate in different 
ways, as sulfuric acid, which dissociates as follows : 

( 1 ) H 2 SO 4 = H+ -h HSO 4 - and (2) H 2 SO 4 = 2 H+ + SO 4 — . 

In concentrated sulfuric acid solutions ionization takes place 
principally according to (1), and (2) takes place to a greater extent 
the greater the dilution. In a O.J normal solution the acid is 
ionized to 67 percent according to (1) and 27 percent according to 
( 2 ).^ 

‘ Harkins, J. Am. Ch. Soc. 33 , 1868 (1911); Noyes and Stuart, ibid. 32 , 
1133 (1910). 
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Bases dissociate into metal ions and hydroxyl ions. Salts dis- 
sociate into positive ions other than hydrogen and negative ions 
other than hydroxyl ions. Acid salts give at least one hydrogen 
ion in addition to some other positive ion, for example : 

NaHS04 = Na+ -f- H+ + SO4— , 

K2HPO4 = 2 K+ -f- + PO4-— . 

Basic salts give at least one hydroxyl ion in addition to another 
negative ion, thus : 

FeCOIDoCl = Fe-H-+ + 2 OH" -f Ch. 

An amphoteric electrolyte is one which gives both hydrogen 
and hydroxyl ions: • 

Pb(OH)2 = -f PbO-j”" in the presence of hydroxyl ions; 

Pb(OH)2 = Pb^+ -f- 2 ()H““ in the presence of hydrogen ions; 

Zn(OH)2 == Zn^^^ -j- 2()II“~ in the prcvsence of h3’^drogen ions; 

Zn(OII)2 = -f- HZnO- in the presence of hydroxyl ions. 

Transference Numbers in Non-aqueous Solutions.— Trans- 
ference numbers have been determined in non-aqueous solutions, 
for example, in liquid ammonia, by the moving-boundary method.* 
Ions in this solvent move with greater velocity than in water, on 
account of the smaller viscosity of liquid ammonia. Trans- 
ference numbers for a given .salt vary with the solvent, showing that 
the relative migration velocity changes with the solvent. 

A few transference numbers determinations have been made in 
fused electrolytes, with interesting results. Thus Lorenz and 
Fausti^ found that in a mixture of lead and pota.ssium chlorides, 
lead migrates to the anode and is tlnaefore com})ined with chlorine 
to form a complex anion. By electrolyzing glass with a sodium 
amalgam anode and a mercury cathode, it w'as found that the 
amount of sodium which enters the mt'rcury cathode from the 
glass electrolyte is equivalent to the quantity of electricity passed 
and that the glass had not changed its weight or transparency. 
From this it must be concluded that in glass only the sodium ion 
migrates while the silicate ion remains stationary or very nearly 
80.^ Another example where the cation migrates and the anion 
does not is solid silver iodide.** 

* Franklin and Cady, J. Am. Ch. Sor. 26, 499 (1904). 

* See Lorenz, Elektrolyse geschTnolzener Salze, 2, 159 (1905). 

’ Warburg, Ann. d. Phys. 21, 022 (1884). 

* Lorenz, Elektrolyae geschmolzener Salze, 2, 152 (1905). 
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Sodium can be deposited on the inside of electric-light bulbs 
by immersing the bulb in melted sodium nitrate at about 450° C,, 
heating the filament, and applying 200 volts between the nitrate 
and the filament. This is due to the migration of sodium through 
the glass wall of the bulb. This can be used to remove the film 
of water vapor on the inside of bulbs which cannot be removed by 
heat.^ 

Problem 1. An electrolytic cell is divided by two diaphragms 
into three compartments of 500 cc., each filled with a normal solu- 
tion of sodium hydrate. A current of 2 amperes is passed for 14 
hours and the diaphragms are supposed to have no effect except to 
prevent mechanical mixing. What is the final amount of sodium 
hydrate in the cathode Compartment? The transference number 
of the sodium ion is 0.175. 

Problem 2. The cell in problem 1 is filled with a half-normal 
solution of copper sulfate and Is electrolyzed for 3 hours with 4 
amperes, using copper electrodes. Calculate the concentrations of 
copper sulfate in the two compartments after the run. The trans- 
ference number of copper in copper sulfate is 0.327. 

Problem 3. If, in copper-refining tanks, the solution were not 
stirred, how would the concentration alter in different parts of the 
tank? 


‘ Pirani and Lax, Z. tech. Phys. 3, 232 (1922). 



CHAPTER III 


ELECTRICAL CONDUCTANCE 


Definitions. — Electrical condvictance is the reciprocal of re- 
sistance and is expressed in reciprocal ohms, also called mhos. In 
giving numerical values to the (conductance of any substance or 
solution a definite geometrical form must be seh'cted for com- 
parison, such as a centimeter cube or inclf cube. The conductance 
between two opposite faces of the cube is called the specific con- 
ductance or condtictiviiy, and the size of the cube must be given. 
The centimeter cube is that usually chosen. Specific conduct- 
ance referred to this unit is usually de.signatf'd by k. From this 
the conductance of any right prism or cylind(‘r of length I and 
cross-section s may be calculated by the formula, 


Conductance = 


1 

R 


KS . 

= y mhos. 


From a theoretical point of view a far more important basis of 
comparison for electrolytes is the conductance of one equivalent 
weight, either in solution or in 
the fused state, when placed 
between two parallel conduct- 
ing plates one centimeter 
apart. In Figure 12 the two 
vertical faces which are one 
centimeter apart are supposed 
to be metallic, while the bot- 
tom and ends of the vessel arc 
glass or some other non-con- 
ductor. If a solution contain- 
ing one equivalent weight of 
an electrolyte is placed in this 
vessel and the conductance 
measured, the value obtained is the equivalent conductance, 
represented by A with a subscript indicating the concentration or 
the dilution. The relative length and depth of this vessel have no 

29 



Fig. 12. — Equivalent Conductance 
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effect on the result ; it is only required that the volume be sufficien' 
to contain an equivalent weight of the electrolyte. 

Conductance Measurement. — Actual measurements are oi 
course not made in a cell of this kind. The specific conductance 
is measured in a cell of convenient shape and the equivalent con- 
ductance is computed by the formula : 


A = 


1000 /c • V — 


1000 a; 
c 


K is the specific conductance, v is the dilution or number of liters 
containing one equivalent, and c is the number of equivalents in 
one liter. Various fornjs of cells have been devised for con- 
ductivity, some of which are .shown in Figure 13. Figure 

13 (a) repi-esents 
the cell most 
commonly used 
for instruction 
purposes. AA 
are platinum elec- 
trodes covered 
with electrically 
deposited plati- 
num black to in- 
crease the sur- 
face, They are 

{a) (6) Conductivity licld by SOt- 

Fio. 13, — Conductivity ('ells screws in a vul- 

canite cover. 

The constant of the cell is determined by measuring the conduc- 
tance of some solution whose specific conductance is known. In 
making measurements the depth of the solution above the top 
electrode does not affect the result, as the electrodes fit the cell 
closely. If the conductance of the cell containing the standard 
substance of specific conductance x is w mhos, then the cell con- 
stant k ^ k/ m. Multiplying the conductance of the cell con- 
taining any electrolyte by k will give its specific conductance. 
Potassium chloride solutions are generally used for determining 
sell constants. Values for different temperatures and concentra- 
tions are given in Table 4.^ 



' Kohlrausch, Hol^rn, and Diesselhorst, Ann. d. Phys. 64 , 417 (1898). 
rhe normal solution is made by di.ssolving 76.727 g. KCl (weighed in air) in 
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Table 4. Specific Conductance op Potassium Chloride Solutions 


Nokmalitt 

<r AT 18* C. 

K AT 25“ C. 

1.0 

0.09822 

0.11180 

0.1 1 

0.01119 

0.01288 

0.02 

0.002397 

' 0.002765 

0.01 

0.00122.5 

0.001413 


On account of polarization, a direct current is not generally used 
for measuring the conductanc(‘ of electrolytes, though it can be 
done by taking certain precautions.* •Usually the Wheatstone 
bridge is used with an alternating current such as is furnished 
by a small induction coil or better, by a generator with a frequency 
of 1000 cycles a second. A telephone is used in place of a galva- 
nometer ; if great sensitiveness is re(|uired, the telephone should be 
tuned to the frequency of the generator.’^ The connections are 
shown in Figure 14. AB 
represents a fine plat- 
inum-iridium or man- 
ganin wire ono meter 
long stretched on a me- 
ter scale divided in milli- 
meters. C is the gener- a 
ator, D a sliding contact, 

B, an adjustable non-in- 
ductive resistance box, 

J? the telephone, and X Fio. H.-Apparatu^or Dktehminino Elec 

the cell. In making a 

measurement the resistance in R is changed until the minimum 
sound in the telephone occurs when D is somewhere near the mid- 
dle of the bridge. When the balance is found, the following pro- 
portion holds, assuming the resistance of the wire AB is propor- 
tional to its length : 



1 1. of water at 18° [Kohlrausch and Holborn, Leitvermdgen der Elektrolyte, 
p. 76 (1916)]. The other solution.? can be made from this by dilution, with 
sufficient accuracy for ordinary work. For the procedure for the most exact 
work, see Krau.s and Parker, J. Am. Ch. Soc. 44 , 2422 (1922). 

* Marie and Noyes, J. Am. Ch. Soc. 43 , 1906 (1921) ; Eastman, J. Am. Ch. 
Soc. 42 . 1648 (1920). 

* Washburn and Bell, J. Am. Ch. Soc. 35 , 177 (1913). 
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res. R : AD min. = res. X : DB mm. 

1 a 

or conductance of X = • — 

res. R 1000 -a 

The accuracy of the measurements may be increased by placing 
extension coils at each end of the slide-wire. 

Problem 1. Calculate the resistance of the electrolyte of a copper- 
refining tank of the multiple system, containing 30 anodes and 
30 cathodes 3 feet square whose surfaces are 1.25 inches apart. 
The specific resistance of the electrolyte containing sulfuric acid, 
copper sulfate, and impurities is 0.8 ohm per cubic inch at 53° C., 
the temperature of operation, dn.s. 0.000027 ohm. The total 
tank resistance would be^ibout twice this value. 



Concentration and Conductance. — The specific conductance, 
of any dissolved substance depends on (1) the concentration of the 
ions, (2) their velocity of migration, and (3) their charge. The 
concentration of the ions depends on the concentration of the 
electrolyte and its ionization, as will be shown below. Starting 
with a dilute solution, the specific conductance always increases 
at first with increase of concentration of the electrolyte on account 
of the larger number of ions, but the decreased ionization and the 
increased friction to the motion of the ions sometimes causes the 
conductivity to pass through a maximum, as in Figure 15. In 
other cases saturation is reached before this occurs. 

The equivalent conductance, on the other hand, increases con- 
tinuously with the dilution until a limiting value is reached. 
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According to the dissociation theory this is due to the increasing 
ionization with the dilution, until at high dilutions all of the 
electrolyte is ionized. These limiting values of the equivalent 
conductance at infinite dilution are found by extrapolation. 
Various methods of making this extrapolation have been proposed.^ 

Tablk 5. Equivalent CoNDUtTANCE ax’d Concentration 
Noyes and Falk, J. Am. ('h. Soc, 34, 454 (1921) 


CoNCLNTnATION IN EQUIVALENTS PKK LITER 


Electrolyte 

0 

0.001 

0.01 

• 

0.1 

! 

1.0 

18" 

88" 

18" 

26" 

18" 

1 

26" 

18" 

26“ 

18* 

18* 

NaCl 

108.9 

127.0 

106.4 

124.1 

101.97 

118.7 

91.96 

106.8 

74.31 


KCl 

130.0 

1.50.6 

127.27 


122.37 

141.4 

111.97 

129.0 

98.22 


LiCl 

98.8 


96..34 


91.97 


82.28 


01.27 


TlCl 

131.4 


128.23 


120.21 






NH 4 CI 

130.2 




122.5 




.. — . 


KBr 

132.2 


129 28 

i 

124.31 


114.14 




K1 

131.1 


128.25 


123.44 


1 13.98 


103.60 


KF 

111.2 


108.80 


104.191 


93.94 


75.95 


NaNO, 

105.2 


102.75 


98.07 


87.16 


65.81 


AgNO, 

115.8 


113.14 


107.80 


91.33 


67.6 


KCIO, 

119.6 


1 16.92 


111.64, 


99.19 


— 


IICl 

380.0 

420.0 

375.9 

420 4 

369.3 1 


351.4 


— 


HNO, 

376.5 

420.0j 

372.9 

— 

365.0 

406.0 

346.4 

385.0 

310.0 


CaClj 

117.4 


111.96 


103.37 


88.19 


67.54 


ZnS 04 

115.5 


98.6 


72.9 


45.4 


26.2 


CUSO 4 

114.4 


98..56 


71.71 


43.85 


25.77 


K 4 Fe(CN)fl 

1.59.5 

18.5.0 

— - 


113.4 


84.9 




NH 4 OH 

(239) 


28 


9 60 


3.30 


0.89 



Independent Migration of Ions. — It was shown by Kohl- 
rausch^ that the limiting value of the equivalent conductance of a 
binary electrolyte is the sum of two conductances, one belonging 
to the cation, the other to the anion. This is known as Kohl- 
rausch’s Law of the Independent Migration of Ions, and is expressed 
by the equation Ao = Ao'*' + Ao“. If the Ao values for all the ions 
are known, the equivalent conductance at infinite dilution for any 

* Randall, J. Am. Ch. Soc. 38 , 788 (1916) ; Wmihburn, J. Am. Ch. Soc. 
40, 122 (1918) ; 42, 1077 (1920) ; Bates, J. Am. Ch. Soc. 38 , 526 (1913) ; 
Kraus and Bray, J. Am. Ch. Soc. 36 , 1320 (1913). 

» Wied. Ann. 6 , 1 (1878) and 145 (1879) ; 26, 213 (1885). 
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electrolyte dissociating into two kinds of ions can be calculated 
by adding the values for the ions. Thus Ao for hydrogen at 18® C. 
is 314, for chlorine 65.5; therefore Ao for hydrochloric acid is 
379.5 reciprocal ohms. 

Table 6 gives the equivalent conductances for the most important 
ions.^ 

Table 0. Equivalent Conductances of Ions at 18° and 25*^ C. 



18* 

28* 


18* 

25* 


18* 

25* 

C8+ 

68.0 


Ba+t 

.55.4 

65.2 

Cl- 

05.5 

75.8 

Rb+ 

67.5 


Ca‘ + 

51.9 

60.0 

N03~ 

61.8 

70.6 

T1+ 

65.9 

76.0 

Sr++ 

51.9 


8CN- 

56.7 


NH 4 + 

64.7 


Zn++ 

47.0 


CIO 3 - 

.55.1 


K+ 

64.5 

74.8 

Cd++ 

46.4 


BrOa- 

47.6 

54.8 

Ag^ 

54.0 

63.4 

Mg++ 

45.9 

.55.0 

F- 

46.7 


Na+ 

43.4 

51.2 

Cu+’- 

45.9 


roa- 

34.0 


Li+ 

33.3 


La^^ 

61.0 

72 

sor- 

68.5 

80.0 

H+ 

314.5 

350 

Br+ 

67.7 


CA~“ 

63.0 

72.7 

Pb++ 

60.8 

71.0 

1 + 

66.6 

76.5 

Fe(('N)a 

95.0 

110.5 




OH- 

172 

192 





An attempt has lieen made to explain the abnormally hi^h conduetanee 
of the hydrogen and hydroxyl ions in water to an interchange biHween the 
solvent molecules and the ions so that the mean path of an ion is reduced 
by the diameter of the solvent molecule for each interchange. This Grotthuss 
kind of conduction is supposed added on to the ionic migration [Dannecl, 
Z, Electroch. 11, 249 (1905) ; Hantzsch and Caldwell, Z. phys. Ch. 68, 575 
(1907) ; Lorenz, Z. phys. Ch. 82 , 015 (1913)]. Kraus points out, however, 
that it is not generally true ions common to the solvent have abnormally high 
conductances, and that the true explanation is probably that the hydrogen 
and hydroxyl ions have less water of hydration [Properties of Conducting 
Systems, p. 209 (1922)]. 

Absolute Velocity of Ions. — The absolute velocity of ions in 
centimeters per second can be calculated from their equivalent 
conductance and the value of the faraday. The relation between 
these may be deduced as follows. 

Suppose that between two electrodes one centimeter apart 
there is one equivalent of a uni-univalent salt at infinite dilution, 
and that one volt is impresvsed. Then the current which passes 
is 7 «= 1/i? == Ao. Suppose the positive ion moves at the rate of 

* Noyes and Falk, J. Am. Ch. Soc. 34, 479 (1921) ; the OH” ion from John- 
son, J. Am. Ch. Soc. 81 , 1015 (1909). 
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cm. per sec. when the potential difference is one volt, and the 
negative ion at the rate of C/o~ cm. per sec. These velocities are 
directly proportional to the potential gradient, since the velocity 
of a particle moving in a medium of great frictional resistance is 
proportional to the force acting on the particle and the force on a 
charged particle in an electric field is / = ^E//, where q is the 
charge on the particle and E// is the potential gradient. The 
quantity of electricity carried across every cross-section in a second 
by the positive ions ('quals the product of the velocity of the ions 
and the charge carried, or FC/o'^and for the negative ions, Ff/o”. 
But by definition the sum of the quantities of positive and negative 
electricity passing any cross-section in a second is the current, 
therefore * 

7 = F( [7o+ + U,-) = Ao and f7o+ + Ih' - Ao/F. 

Therefore the sum of the velocities of the ions in centimeters per 
second can be calculated by dividing the conductance at infinite 
dilution by the value of the faraday. Thus the sum of the veloci- 
ties of potassium and chlorine ions at 18° when the potential 
gradient is one volt per centimeter is 130/96500 « 0.00134 
cm./sec. The velocities of the single ions may be found by 
means of the transference numbers, for 

a, = 7/oV = F[/oVF( + C/o") - FC/oVAo 

and from this 

C/o- = w«Ao/F and f/o+ == n^Ao/F. (1) 

One method of calculating the conductance of single ions comes 
from this equation by writing it in the form 

nM = Ff/o+ = Ao+ ; (2) 

that is, the equivalent conductance of the salt is multiplied by the 
transference number to get the conductance of the corresponding 
ion. Having found the conductances of the ions of one salt by 
transference measurements in the most dilute solution possible, 
all others can Ixj found by subtraction, for, if the single conduct- 
ances of the ions in potassium chloride arc known, the conduct- 
ances of the ions of all metals having soluble chlorides may be 
obtained by subtracting the conductance of the chloride ion from 
the conductances of these salts at infinite dilution. The other 
method is to use the transference number of each salt in combina- 
tion with its conductance at infinite dilution. 
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Problem 2. From the transference number for NaCl (Table 2) 
and the conductance at infinite dilution (Table 5) calculate the con- 
ductance of the sodium and chloride ions. From this and the 
conductance at infinite dilution of potassium chloride, calculate the 
conductance of the potassium ion. Also calculate the conductance 
of the potassium ion from the transference number of potassium 
chloride and its conductance at infinite dilution. 

Dissociation or Ionization. — In the above derivations the 
electrolyte was assumed to be completely dissociated. If it were 
only dissociated to 7 percent, then the conductance would be given 
by the equation 

A - yF(m -h U-). (3) 

Dividing this by Ao = F(C/o+ + fV), we have 

7 = A/Ao, (4) 

assuming that f/+ + f/- = f/o+ + f/o". Therefore the ioniza- 
tion of a binary electrolyte is given by the ratio of the conductance 
at the concentration in (piestion to the conductance at infinite 
dilution if the velocity of migration remains constant. This does 
not apply to such electrolytes as sulfuric acid, which can dis- 
sociate in more than on(' way. 

In the case of strong electrolytes this assumption of the constancy 
of mobility is, however, not justified, as is shown by the change in 
transference numl)er with the concentration, and except in high 
dilution A/Ao cannot be an accurate measure of dissociation. It 
has been proposed that strong electrolytes are 100 percent ionized 
at all concentrations and that the decrease in equivalent con- 
ductance with incnuising concentration is wholly due to the 
decrease in the mobility of the ions.^ 

In place of using the expression — for the degree of dissociation, 

Ao 

this has frequently been multiplied by the ratio of thr viscosity of 
the solution to that of the pure solvent, y/ tjq, giving the ecpiation 



(5) 


This is for the purpose of correcting for the different frictional 
resistances to the motion of ions in solutions of the two con- 
centrations, and is based on the assumption that the equivalent 


‘ Noye.s and Marlnnes, J. Am. Ch. Soc. 42 , 239 (1920) ; Milner, Phil. Mag. 
86 , 214 and 352 (1918); Bjerrum, Z. Elektroch. 24 , 321 (1918) ; Sutherland, 
Phil. Mag. 14 , 1 (1907) ; Ghosh, J. Ch. Soc. 113 , 449, 627, 790 (1918). 
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conductance of an ion is inversel}^ proportional to the viscosity 
of the medium through which it moves ; that is, 

+ u - ^ ^ 

+ C/o- / 

Substituting this in 

A ^ U+±_U2_ 

A„ ^iV + Uo-' 

we have equation (5). This correction, however, is now gener- 
ally considered of dou])tful validity. 

It is possible that salts in th(‘ crystal stgte are completely ionized, 
or more strictly, polarized; that is, th(* atoms in the crystal are 
charged ; Langmuir is led to this conclusion by his theory of the 
structure of the atom, and this is supported by X-ray crystal 
analysis which gives no evidence of molecules in crystals.^ 

There is even doubt as to just what is meant by dissociation. 
Tolman says : ^ 

If we could see into a salt solution with a super-microscope, it 
would be difficult to t('ll whether a given molecule were dissociated 
or not, as the molecules would be in all possible stages between 
comj)lete dissociation and no dissociation. It is j)ossible that, 
for instance, an ion but .slightly removed from its parent molecule 
might be able to affect the conductivity whereas it might not be 
able to affect the electromotive fon^e of an electrode, and thus 
determinations of ionization by conductivity would bo expected 
to differ from those determined by electromotive force or freezing 
point determinations.” 

Degree of Ionization. — Table 7 gives the degrees of ionization 
from conductance ratios for different, types of salts at different 
concentrations. Evidently salts of the same type have nearly 
the same dissociation at the same (mneentration, but different 
types have quite different values. The general statement can 
be made that all salts are highly dissociated in dilute solutions, with 
the exception of mercury and cadmium halides, which for some 
unknown reason are less dissociated. 

* J. Am. Ch. Soc. 42, 274 (1920). For a discussion of the classification of 
bodies as polar or non-polar, see Lewis, J. Am. Ch. Soc. 36, 1448 (1913). 

* Lewis, Physical Chemistry, Vol. 2 , p. 231. Sec also Lewis and Randall, 

J. Am. Ch. Soc. 43, 1112 (1921). 
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Table 7. 


Degrees op Dissociation ( 100-^ ] for Different Types 
\ AoTfo/ 

OF Salts 

Noyes and Falk, J. Am. Ch. Soe. 34, 474 (1912) 


Type 

Salt 

Normality 

0 001 

0.01 

0 1 

1.0 

Uni-uni valent 

KCl 

97.9 

94.1 

86.0 

74.2 


NuNO, 

97.7 

93.5 

82.4 

61.3 

Uni-bivalent 

BaClj 

95.6 

88.3 

75.9 

64.2 


K2SO4 

95.4 

87.2 

72.2 

59.2 

Bi-bivalent • 

C^uSOj 

86.2 

62.9 

39.6 

30.9 


ZnS04 

85.4 

63.3 

40.5 

30.9 


No theoretical si^nificanco is to be attached to the values of ioniza- 
tion for salts of the uni-bivalent or of higher typos, because of the 
possible formation of intermediate ions. 

With acids and bases all degrees of dissociation are found, as 
shown in Table 8.^ 


Table 8. Dissociation of Acids and Bases, 18® C. 


Electrolyte 

Normality 

0 001 

0 01 

01 

1 0 

HCl 

90.0 

97.2 

92.2 

79.1 

HNO, 

99.5 

97.7 

92.9 

82.3 

CHiCOOH 

12 

4.1 

1.3 j 

0.38 

NaOH 

95.6 

91.0 

81.1 

73.6 

NH4OH 

11.8 

4.0 

1.4 I 

1 

0.37 


In order to indicate that a substance is not all in the ionic state, 
but that some is undissociated, the term ion~comiituent is used. 
Thus the equivalent conductance of an ion Ao is the conductance 
of one equivalent weight in the ionic state ; the equivalent con- 
ductance of an ion-constituent is the conductance Af of that part 
of an equivalent which is ionized. If 7 is the dissociation, 

Ac = 7A0 

' This table calculated from data on pages 168, 169, 214, and 218 of 2 ed. 
of Kohlrausch and Holborn’s Dm Leitvermdgen der Ekkirolyte. 
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Conductance and Temperature. — The conductances of metallic 
conductors in general decrease with rise in temperature. Excep- 
tions to this rule are carbon, boron, and silicon carbide. For 
electrolytic conduction the reverse is true. In aqueous solutions. 


^ II 


Temperature 

Fio. 16. — • Equivalent Coni>u(’Tance and Temperature 

the increase in equivalent conductance is roughly of the same 
magnitude as the increase in the fluidity of water and is therefore 
probably due to the decreased resistance to the motion of ions 
through water. This is illustrated in Figure 16.' It will be 

* Noyes and Coolidge, Carnegie Publication No. 63, pp. 47 and 56 (1907). 
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noticed that the rate of increase in conductance becomes less as 
the temperature increases; this is due to the decrease in dis- 
sociation with increasing temperature. At higher temperatures 
this may more than counterbalance the effect of increased fluidity 
of water. Thus the equivalent conductance of 0.08 in hydro- 
chloric, nitric, and sulfuric acids all pass through maximum 
values above 200° C., after which the temperature coefficient is 
negative. ‘ For normal phosphoric acid the temperature coeffi- 
cient is negative above 74° C., and for normal hypophosphorous 
acid above 54°.^ 

The temperature coefficients at room temperature, defined by 


the expression - 
Ki8 



for dilute salt solutions are in general 


around 0.022, for acids about 0.015, and for bases about 
0 . 020.3 

Conductance and Pressure. — Pressure affects the electrical 
conductance of solutions in four different ways:^ the volume 
change of the solution due to pressure change*, the change in mo- 
bility of the ions due to the viscosity change in the solution, the 
change in the ionization of the electrolyte, and the change in the 
conductance of the solvent medium. The conductance of the 
medium is usually due to a small impurity of electrolyte. For 
strong binary electrolytes the effects of change in ionization and 
in the conductance of the solvent are practically negligible in 
dilute solution. At room temperature such solutions first decrease 
in resistance as the pressure increases and then increase. The 
higher the temperature the sooner the minimum occurs, and the 
same is true for increase in concentration. For higher concen- 
trations, such as 5-norinal sodium chloride, the resistance begins 
to increase at once, and at 3000 kg./s(j. cm. is 8.5 percent higher 
than at 1 kg,/sq. cm. In the case of weak electrolytes the change 
in dissociation with pressure becomes of appreciable effect on the 
conductance, and at intermediate concentrations and low tem- 
peratures these first three terms are all of the same sign and tend 
to reduce the resistance. Thus the resistance of 0.0 1-n acetic 
acid in water at 20.14° has only 0.41 as much resistance at 4000 


* Noyes and Eastman, Carnegie Publication No. 63, p. 266 (1907). 

* Arrhenius, Electrochemistry, p. 198 (1902). 

* Tables, Kohlrausch and Holborn, Das Leitverrndgen der Elektrolyte. 

* Tammann, Z. phys. Ch. 27 , 457 (1898) ; Kraus, The Properties of Elec- 
IricaUy Conducting Systems, p. 126. 
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kg./sq. cm. as at 1 kg./sq. cm. Since there is usually a decrease 
in volume with the formation of ions, an increase in pressure will 
increase ionization, as required by Lc Chatclier’s rule. 

Dissociation and Temperature. The dissociation of dissolved 
electrolytes decreases with an increase in temperature, as is shown 
in Figure 17.^ It will be noticed that the rate at which ionization 
falls off is greater the higher the temperature. The decrease in 
ionization is probably due partly to the decrease in dielectric 
constant of water, which falls from 81.3 at 18° C. to 58.1 at 100°. 
Another cause for the decrease in ionization is the fact that in 



too 


90 

w 

70 

KCI 

MCI 

AgNO, 

50 


Ba(N0^)t 


10 

0 


Fig. 17. — Ionization ano Temperature 


general when ions unite to form molecules heat is absorbed, and 
from this fact and I^c (.'hatelier's principle, a decrease in ionization 
with a rise in temperature would take place. The general state- 
ment of this principle, also known as the Principle of Mobile 
Equilibrium, is as follows : When a factor determining the equilih- 
Hum of a system is alteredj the system tends to change in such a way 
as to oppose and partly annul the alteration in the factor. Thus when 
the temperature is increased, the reaction goes in the direction 
which absorbs heat. This principle, like the first and second laws 
of thermodynamics, is a matter of experience and no proof has been 
given for it. 

* Noyes, Carnegie Publication No. 63 , p. 339 (1907). 
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Ostwald’s Dilution Law. — If the mass action law is applied 
to the dissociation of an electrolyte dissociating into univalent 
electrolytes according to the equation AB - have; 

the ionization or equilibrium constant k = where the 

parentheses signify concentrations of the inclosed substances. 
If dissociation is determined by the conductance ratio A/Ao 
and V is the number of liters in which one gram equivalent is dis- 
solved, this reduces to 

k = — TT 

Ao(Ao — A)y 


The special case of the nyiss action law applied to the ionization 
of electrolytes is called Ostwabrs dilution law. 

It is found that this law holds accurately for weak cle(;trolytes, 
e.g. organic acids, that is, those which arc only slightly ionized, up 
to concentrations lying b(‘tweon y = 16 and y = 32 liters ; beyond 
this limit the constant begins to decrease.* The dilution law is 
illustrated in Table 9.^ 


Table 9. Ionization (V>nstant for Acetic Ai id at 25® C. 


Volume Containincj 

One EguiVALENT 


k X in'* 

0.989 

1.443 

1.405 

1.977 

2.21 1 

1.6.52 

3.9.54 

3.221 

1.652 

7.908 

4.618 

1.814 

15.816 

6.561 

1.841 

31.63 

9.260 

1.846 

63.26 

l3.o:i 

1.846 

126.52 

18.30 

1.847 

253.04 

25.60 

1.843 

506.1 

35.67 

1.841 

1012.2 

49.50 

1.844 

2024.4 

68.22 

1.853 


379.9 



The dissociation constant A; is a measure of the strength of acids 
and bases. For example, mono-chlor, di-chlor, and tri-chlor acetic 

* Wegseheider, Z. phys. Ch. 69, 603 (1909). 

* Kendall, Medd. Vetenskapsakad. Nobelinstitut, 2, No. 38, p. 1 (1913). 
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acids are progressively stronger acids and their constants are as 
follows : 

acetic acid 0.0018 X lO"® 

mono-chlor acetic acid 0.155 X 10"^ 

(li-chlor acetic acid 5.14 X lO"'^ 

tri-chlor acetic acid* 121 

The above dilution law also holds for strong electrolytes below 
0.0001 normal, as shown in Table 10. 


Table 10. Ionization Constant of KCl at 18® C. 
Washburn, J. Am. Ch. 8oc. 40 , 150 (1918); Weiland, ibid. 40 , 131 (1918). 


Nohmalitt 

* 1-y 

0.00001 

0.020 

0.00005 

0.020 

0.00010 

0.021 

(0.001) 

(0.046) 

(1.0) 

(2.3) 


At higher concentrations k increases rapidly and the dilution law fails 
entirely as shown in the last two lines of this table. The last line is calculated 
from Table 5. 

The mass action law is exact only for perfect gases or perfect 
solutes, but holds retisonably true' for most gases at from 1 to 5 
atmospheres and in the case of solutes with electrically neutral 
molecules up to about 1 molal.** For ions, however, there are 
large deviations even at 0.1 rnolal concentration. These are 
therefore not perfect solutes and their mass actions must be ex- 
pressed by activities, a, by which is mi^ant that quantity which, 
when substituted for the concentration of the substance in mass 
action equations, expre.sses its effect in detennining equilibrium. 
It is for this reason that the dilution law does not hold for strong 
electrolytes, except at great dilutions. The factor by which the 
concentration must be multiplied to give the activity is called the 
activity coefficient, a, so that a = ac. 

A number of empirical formulae for strong electrolytes have been 
proposed to take the place of the Ostwald dilution law. One 
which holds between 1/10000 normal and 1/5 normal and over a 
wide temperature range is c(l — 7 ) = where n is a constant 

for each electrolyte and lies between 1.43 and 1.56. k is another 

^ Nernst, Theoretische Chemie, 8-10 ed., p. 683 (1921). 

* Noyes and Sherrill, Chermad Principles, p. 169 (19^). 
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constant, and c is the concentration of the electrolyte J This 
formula holds independently of the number of ions into which the 
salt dissociates. The following? formula containing three constants 
proposed by Kraus and Bray has been found to hold for a variety 
of binary electrolytes in water and also in other solvents : ^ 

t + J)(cy)” . 

C(l-T) 

This takes account of the fact that at high dilutions the mass 
action law holds, for then D{ay)”* becomes negligible compared 
to k. 

Ionization of Water. — The faet that the purest water obtainable 
has a small coiuluctanee*sho\vs that water itself is ionized. The 
specific conductance of the most carefully purified water was found 
by Kohlrausch and Ilcydweiller to have the following values : ® 


TBMPKHATOnB, SPECIKIC CONDUCTANCE, 

Dkokekh C. Mhoh/ Cm, Cube 


0 0.01 X io-» 

18 0.088 X 10-« 

25 0.058 X !()“« 

50 0.17 X !()-« 


The degree of ionization may be calculated as follows ; since, at 
25® one centimeter cube has a conductance of 0.058 X 10~® mho, 
one liter between eh'ctrodes one centimeter apart would have a 
conductance of 0,053 X 10"^ mho. But if there were one equiva- 
lent of hydrogen and hydro.xyl ions in one liter, their conductance 
would be 350 -f 192 = 5^12 mhos. Therefore the quantity actually 
present is 0.058 X 10“V-‘>12 = 1.07 X 10~^ equivalent per liter. 
Entirely different methods give values not more than 20 percent 
different from this, which is one of the most striking evidences 
of the ionic theory.^ Water is exceptional in that its ionization 
increases with tlie temperature, because the production of hydrogen 
and the hydroxyl ions from water is attended by an absorption of 
heat. Usually ionization is attended by an evolution of heat. 

Water having a specific conductance of 10~* mho or less cannot 
5e kept in glass for more than a few hours, because it dissolves 

* Noyes, Carnegie Publication No. 63, p. 209 (1907). 

» J. Am. Ch. Soc. 36. 1315 (1913). 

• Ann. d, Phys. 63, 209 (1894) ; Heydweiller, Ann. d. Phya, 28, 503 (1909). 

^ Noyes and Kanolt, Carnegie Publication No. 63, p. 297 (1907). 
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salts from the glass, and if exposed to the air, dissolves carbonic 
acid and ammonia. “ Conductivity water " should not have a 
specific conductance greater than 10~® mho and therefore must be 
freshly prepared by redistilling ordinary distilhul water after 
adding some alkaline permanganate solution. In determining the 
conductance of dilute solutions the specific conductance of the 
water is subtracted from that of the solution to get the conductance 
of the dissolved salt. This is called the water correction. 

Heat of Neutralization. — When a highly dissociated base is 
neutralized by a highly dissociated acid by mixing dilute solutions 
of the two, according to the dissociation theory nothing takes place 
except the union of hydrogen and hydroxyl ions to form water : 

B+ + OH’ + A- + H+ = A- -f II2O. 

This is in agreement with the fact that any strong base neutral- 
ized with any strong acid in dilute solution gives the same heat 
effect, 13,780 cal. for one gram-mol of water at 18° C.^ 

Solubility Product Law. — When a slightly soluble binary elec- 
trolyte in the solid state is in contact with its saturated solution, 
there is an eciuilibrium with respect to the two reactions: AB 
solid = AB dissolved and AB dissolved = A~ -I- B'^, and the 
mass action law requires that the concentration of the dissolved, 
undissociated substance should bo constant and that (A~)(/i+)/ 
(AB) - ki and since (AB) is constant, (A “)(/?+) = ^ 2 . If Co 
is the solubility in gram-rnols i)er liter and 70 the dissociation of 
the saturated solution, (A’) = (/i+) = yCo and therefore (7C0)* 
= A*2. This is called the solubility product law and may be stated 
as follows: In the saturated solution of a slightly soluble uni- 
univalent salt, the product of th(‘ concentrations of the kinds of 
ions into which the salt dis.sociates is constant. The presence of 
other ions must be taken into account. Suppose an electrolyte 
having a common ion A with a slightly soluble salt AB is added to 
a saturated solution oi AB; the concentration of the ion A will 
be increased, consequently that of B must de(T(‘ase in order to keep 
the value of the product constant, and this takes place by a certain 
quantity of B uniting with A to form undissociated AB and pre- 
cipitating. This is illustrated by the results in Table 11.^ 

* Lewis and Randall, Thermodynamics, p. 48G (1923), whore data by WOr- 
mann, Ann. d. Phys. 18 , 775 (1905), arc summarized in the equation All ■» 
29,210 — 53 T. aH therefore varies considerably with the temperature. 
See also Richard.s and Rowe, J. Am. Ch. Soe, 44 , 084 (1922). 

* Noyes, Z. phys. Ch. 6, 246 (1890). 
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Table 11 

SoLUBiLiTr OF AoBbOj in the Presence op AgNOj and op KBrOi 


GrAM'UOI.H 

ov Added 

Salt 

SOLDBII.ITY OK AoBllOj 

IN PHKMEVrW OF 

SoLPBir.tTT Calculated 
FROM Solubility 
Product Law 

AoNOj 

KBnO, 

0 . 

0.00810 

0.00810 


O-OOS.*) 

O.OOOlO 

0.00,519 

0.00504 

0.0340 

0.00216 

0.00227 

0.00206 


Suppose the added salt has the concentration x gram-mols per 
liter and the dissociation 71 while AB has the dissociation 7, the 
equation then becomes 

C7(C7 + X7i) = {Co7)^ (7) 

where C is the concentration of the saturated solution of in 
the presence of the added salt. 

Though strong electrolytes do not obey the mass action law 
except below 1/10000 normal, it has been found that many slightly 
soluble salts obey the solubility product law approximately up 
to concentrations of 0.1 to 0.2 equivalent per liter. ^ The product 
of the ion concentrations is, however, not strictly constant but 
generally increases with the concentration of the added salt. 

On the other hand, the concentration of the un-ionized substance 
is in no case constant as required by the mass action law, but 
decreases rapidly with increasing concentration of the added salt.^* 
The addition of small amounts of a salt with no common ion in- 
creases the solubility of the slightly soluble salt because of the 
formation of other undissociated compounds. If potassium sul- 
fate, for example, is added to a solution of thallous chloride, 
thallous sulfate and potassium chloride will be formed, and more 
thallous chloride will go in solution to keep the product of its ions 
constant.® 

When the attempt is made to apply this law to uni-bivalent 
salts, the irregular variation in the concentration of the un-ionized 
part, the abnormal increase in the solubility product, and the ab- 

* Noyos and Sherrill, Chemical Principles, p. 167 (1922). 

* Bray, J. Am. Ch. Soc. 33, 1683 (1911), 

3 Bray and Winninghoff, J. Am. Ch. Soc. 33, 1671 (1911). 
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normal form of the solubihty curve for the addition of the common 
bivalent ion lead to the assumption that all uni-bivalent salts dis- 
sociate in two steps, forming such intermediate ions as KSOr and 
BaN03+.' 

Ionization of Electrolytes in Mixtures. — If equal volumes of 
solutions of two electrolytes arc mixed and the specific conductance 
determined, it will in general be found that the specific conduct- 
ance of the mixture is not equal to the mean of the conductances 
of the two solutions, but is somewhat less. This is due to the 
formation of other molecules than those which existed in either 
solution before mixing, for if potassium nitrate and sodium chloride 
solutions are mixed, there will h(‘ formed some undissociated sodium 
nitrate and jx)tassium chloride. If tl^e electrolytes are weak 
and the mass action law applies, the concentration of each ion 
could be calculated from a knowledge of the dissociation constants 
and the original concentrations of the electrolytes, and from 
these results the specific conductance of the mixture.^ If the 
mass action law does not apply, one of the empirical formulas given 
above would be required. The mathematical difficulties involved 
in this calculation, however, would be very great. 

If the two salts have a common ion, the calculation is simplified 
by the rule of isohydric solutions discovered by Arrhenius. This 
rule may be stated in the following more convenient form than 
that given by Arrhenius, without much loss in accuracy: The 
dissociation of each salt in the mixture is just as great as the dis- 
sociation of each salt would he alone if its equivalent concentration 
were equal to the total equivalent concentration of both salts in the 
mixture. An analogous rule may be used for a mixture of any 
number of salts, all having a common ion.® In case the concen- 
trations of the comnion ion in the two solutions before mixing are 
equal, there will be no change in dissociation in mixing in any 
proportions, and the specific conductance of the mixture will be 
the mean of the specific conductances of its components. Such 
solutions are called isohydric. 

Problem 3. Calculate the specific conductance of a solution made 
by mixing equal volumes of 0.1-n potassium chloride and 0.05-n 
sodium chloride. For the necessary data see Table 6. 

Solution. — Find total concentration of salts after mixing and 
the dissociation of each by interpolation. Then the conductance 

» Harkins, J. Am. Ch. Soc. 38, 1871 (1911). 

’ Nernst, Theoretische Chemie, p. 586 (1921). 

•Arrhenius, Theory of SohUionSf p. 136 (1913), 
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of the KCl contained in one centimeter cube is the product of the 
amount in equivalents contained by the dissociation by the con- 
ductance at infinite dilution. The conductance of the sodium 
chloride is obtained in the same way, and the desired result is the 
sum of the two conductances. 

Conductance of Non-aqueous Solutions. — Up to the present 
time solutions in other solvents than water have not attained any 
importance in applied electrochemistry, though they have great 
theoretical importance. The following are some of the non- 
aqueous solvents that have been investigated : liquid ammonia, 
liquid sulfur dioxide, various alcohols, mixtures of alcohols and 
water, pyridine, acetone, anhydrous formic acid, and liquid hydro- 
cyanic acid. The condiqitances of ions in non-aqueous solutions 
are in general of the same order of magnitude as in water, but 
somewhat less numerically. Hydrocyanic acid solutions in some 
cases conduct better than the corresponding water solutions, 
corresponding to this acid’s higher dielectric constant of 96. 
According to Carrara and Walden the general statement may be 
made that the electrolytic dissociation theory applies as well to 
non-aqueous as to aqueous solutions.^ Another general state- 
ment which may be made is that for any given salt in most solvents 
between 0° and 50° the values of Ao^?o are const ant.^ Solutions 
of alkaline metals in liquid ammonia arc particularly interesting 
because they are the only known solutions that have both elec- 
trolytic and metallic contluction. Very dilute solutions conduct 
electrolytically, and as the concentration increases metallic con- 
duction takes place simultaneously with electrolytic ; with con- 
centrated solutions the conductance is entirely metallic. The 
explanation is as follows. In these solutions the positive ion is 
identical with the positive ion of a dissolved salt of the same 
metal while the negative ion is apparently the negative electron. 
At low concentrations the electron is associated with ammonia 
and its speed is therefore of the order of magnitude of ordinary 
ions, but when the concentration increases the electron loses 
ammonia and its speed becomes comparable to that of electrons 
in metals.^ 

Conductance of Fused Salts. — In general fused salts, hydrates, 
and oxides are good conductors of electricity. Equivalent con- 
ductances may be calculated from specific conductances if the 

* Arrhenius, Thforif of SoltUimis, p. 152 (1913). 

> Walden. Z. phys. Ch. 65 , 246 (1906) ; Z. anorg. Ch. 113 , 85 (1920). 

• Kraus, The Properties of Electrically Conducting System^ p. 367 ^922). 
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density of the fused substance is also known. Equivalent con- 
ductances of fused salts are of about the same order of magnitude 
as the equivalent conductance of the salt at infinite dilution in 
water. Table 12 gives some examples.^ 


Table 12. Specific and Equivalent Conductances of Fused Salts 


Saut 

Tkmp . 

Deu. C. 

Spo Conu , 

K 

10tiriv\i.j'NT 

VoL, r, IN « 0 

F.gVlVAl.ENT 
C'ONI) = « 1) 

Ao IN 
Aqueous 
Solution at 
18 " C. 

NaNO, 

305 m. p. 

0.9510 

11.32 

42.15 

105.2 

* 

400 

1.384 

4r)f<)5 

03.59 



500 

1.710 

47.75 

81.94 


KNOa 

333.7 m. p. 

0.(>225 

53.1Ki 

33.59 

126.3 


400 

0.8255 

55.41 

45.74 



5(K) 

1.109 

57.75 

01.04 


AgNOa 

218 m. p. 

0.0815 

42.88 

29.22 

116.8 


300 

1.019 

43.89 

40.10 


KCl 

943.5 

2.954 

0.21 

154.0 

130.0 

Na2Mo04 

1108 

2.403 

! 8.719 

105.3 


Na2W()4 

1501 

2.453 

8.409 

110.7 



The equivalent conductance is in general nearly linear with 
respect to the temperature and increases at about the same rate 
as the fluidity. 

The equivalent conductance of mixtures of fused salts can in 
some cases be expressed as the mean of the conductances of the 
components. This holds for mixtures of sodium and potassium 
chlorides and of calcium and strontium chlorides, ^ but the equiva- 
lent conductance of a mixture of sodium and potassium nitrates is 
less than that calculated from tliosi' of the components. The 
equivalent conductance of a mixture of two salts is calculated by 
the formula, 


KjniMi -f n ‘iM2) 
d(ni -f uz) 


( 8 ) 


where fc is the specific conductance of the mixture, d the density, 
and ni and nz the number of gram-mols of each salt of molecular 
weights Ml and M 2 in the mixture. The mean of the equivalent 


^ Goodwin and Mailey, Phys. Rev. 26 , 28 (1908) ; Jaeger and Kampa, 
Z. anorg. Ch. 113, 27 (1920). 

* Arndt, Z. Elektroch. 13, 609 (1907). 
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conductances of two salts is calculated from the equivalent con- 
ductances Ai and A2 of the pure salts by the equation : 


A = 


uiAi -f n2A2, 
rii -f n2 


(9) 


When a highly conducting salt is dissolved in a poorly con- 
ducting one, a mixture of high equivalent conductance is obtained, 
just as when a salt is dissolved in water. Fused mercuric chloride 
is a poor conductor, but the addition of potassium, sodium, cae- 
sium, or ammonium chlorides produces well-conducting mixtures. 
These solutions differ from aqueous solutions in that the equivalent 
conductances of the dissolved salts decrease with dilution. These 
appear to form complexe^j with the solvent probably according to 
the reaction : ^ 


2 MCI -f HgCl2 = M+ + MHgClr. 

A second example of more practical importance is that fused 
cryolite, 3 NaF * AIF3, which is a poor conductor, forms well-con- 
ducting solutions with aluminum oxide. 

Nothing definite can he said concerning the extent of ionization 
of fused salts, though it is generally believed that they are highly 
ionized and that there is little if any change in ionization with 
temperature. The results of crystal structure determinations 
favor the view that ionization is complete even in the solid state. 
Melting would therefore merely make it possible for the already 
existing ions to move. 

Salts begin to conduct a little before the melting point is reached, 
but the conductance increases rapidly at this point, on account of 
the sudden increase in fluidity. 


^oblem 4. Suppose a sample of water contains 11.6 parts of 
sodium chloride and 17 parts of sodium nitrate per mUlion. What 
18 its approximate resistance per centimeter cube at 18® C.? See 
Table 5. Ans., 23,000 ohms. 

Problem 6. The equivalent conductance of 0.01-n-KCl is 122 
reciprocal ohms. What is its specific resistance? 

Table 5 calculate the degree of ionization of 
NaCl, AgNOj, and CUSO4 at normal concentration. 
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CHAPTER IV 

ELECTRO-OSMOSIS — ELECTROCHEMISTRY 
OF COLLOIDS 

Definitions. — It was found by Rouss of Moscow in 1807 that 
if a porous diaphragm, such as parchment, animal membrane, or 
unglazcd burnt clay, completely separates a liquid into an anode 
and a cathode portion, liquid is transferred from one side of the 
diaphragm to the other when a voltage is applied. The same 
happens if the diaphragm consists of capillary tubes or a finely 
powdered substance suitably held in position, for example by 
placing at th(; bottom of a U-tube. This is called clectro-omosis 
or electrode ml osmose. 

Direction of Motion. — The direction in which this transfer takes 
place depends both on the liquid and on the diaphragm material. 
Distilled water is found to move to the cathode' for most sub- 
stances, including silk, linen, ivory, sand, burnt clay, glass, graph- 
ite, iron filings, spongy platinum, sulfur, and wood,^ while it 
moves to the anode through diaphragms of carborundum, asbestos, 
cotton, wool, chromium chloride, aluminum oxide, cobalt oxide, 
zinc oxide, and bjirium carbonate.- 

Dielectric Constant and Electro-osmosis. — Perrin ^ finds that 
only those liquids having high dielectric constants (over 20) 
show marked elcctro-o.smosis, while thowse of low constants (below 
5) do not. Those which show electro-osmosis with all diaphragms 
include water, ethyl and methyl alcohols, acetone, acetylacetone, 
and nitrobenzene, while those not showing it with any diaphragm 
arc chloroform, ether, petroleum, benzene, turpentine, and carbon 
bisulfide. Quinck(', however, found turpentine moved to the 
anode through all diaphragms except sulfur. 

Wiedemann’s Laws. — Wiedemann was the first to study this 
phenomenon quantitatively, with the following empirical results:^ 

1. The amount of liquid transferred in a given time through a 

‘Quincke, Pogg. Ann. 107, 1 (1859); 110, 38 (1860). 

® Freundlich, Kapillurchetnie, p. 232 (1909). 

» J. Chim. Phys. 2, 601 (1904). 

* See Die Lehre von der Elektricitdt, 1, 993 (1893). 
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porous diaphragm is proportional to the current, and is independent 
of the area and thickness of the diaphragm ; that is, the amount 
transferred = /:•/. 

2, For a given diaphragm the difference in hydrostatic pressure 
maintained on the opposite sides is proportional to the potential 
difference of the two sides and is independent of the dimensions of 
the diaphragm, that is height of liquid = k* • E. 

It has been found more recently that the equation, water 
transferred = kl, holds only up to a limiting current density at 
the diaphragm and that the amount of liquid transferred is also 
dependent on the t(‘mperature.‘ For distilled water and Pukall 
clay as diaphragm the constant k passes a maximum point as the 
current is increased and for a constanf current the amount of 
water transferred reaches a maximum at between 35° and 40° C. 
The maximum occurs at different temperatures for different sub- 
stances, and no maximum is found for distilled water with dia- 
phragms of alundum or of silicon carbide. For these diaphragms 
the quantity of liquid transferred increases steadily but more 
slowly than the fluidity 

Comparison between Electro-osmosis and Evaporation. — If a 

given amount of coal were used to geiK'rate electricity by a steam 
engine and dynamo and remove water by electro-osmosis, it would 
remove 45 times as much as if used for evaporation, if electro- 
osmosis is carried out at the maximum point of efficiency. Com- 
paring with Faraday’s law, 1000 times as much passes through 
the diaphragm as is electrolyzed.** 

Helmholtz’s Explanation of Electro-osmosis. — Electro-osmosis 
was explained by Helmholtz on the assumption that there is an 
electric double layer at the boundary of the moving liquid and a 
thin hquid film held stationary at the surface of the capillary. 
If a potential gradient is impressed from without, the charged 
liquid is forced to move, or if the liquid is forced through the tubes 
by mechanical means, the charge is carried and a current is pro- 
duced.^ 

If a force / acts tangentially on a unit surface of a liquid and 
causes it to move with a velocity v by another surface at a per- 
pendicular distance d, then, 

* Cruse, Phys. Zeitschr. 6, 201 (1905). 

* Briggs, Bennett, and Pierson, J. Phys. Ch. 22 , 256 (1918). 

* Cruse, l.c. 

* For the following mathematical derivations, see Perrin, l.c. and Freund- 
lich, Kapillarchemie, p. 226 (1909). 
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where ri is the viscosity coefficient. If p is the electric charge per 
unit of area of one side of the double layer, the force acting on 
unit area of the movable side of the double layer is pH, where H 
is the potential gradient. Therefore 


p// = 

a 

Also, the volume of liquid 0 moving by a given point in the capil- 
lary in unit time is <f> - irr^u, where r is the radius of the capillary. 
Eliminating v gives the equation, 


If D is the dielectric constant and € is the potential difference 
between the movable and the fixed faces of the double layer, then 

€ = i 4iprf, 


since the electric force between the two layers is iirplD (the 
work necessary to move unit charge from one surface to the other 
is A.'Kpd/D which by definition is potential difference). By sub- 
stituting the value of pd in the last equation the value of is found 
to be, 


Dr^ H € _ DTrr'Ec 


( 1 ) 


where H — E/l, E being the applied voltage and I the length 
of the capillary. By substituting for E its equivalent iR and 
R ~ l/krf\ where k is the specific conductance of the liquid filling 
the capillary, the following equation results : 


<^ = 


eiP 
4 wrjK 


( 2 ) 


which shows that if the current is kept constant, the amount of 
liquid carried through capillaries is independent of their cross- 
section or length, as found experimentally by Wiedemann. 

If the liquid is not allowed to flow, but is balanced by an equal 
hydrostatic pressure, this must be large enough to carry in the 
opposite direction the liquid moved by the electric forces. By 
Poiseuille's rule this pressure is given by the equation : 
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A 

8 / 

where P is the hydrostatic pressure eausinj^; the flow of <t> cc. of 
liquid per second. Substituting this value of <i> in equation (1) 
gives, 

P = ? ‘2*’, (3) 

which shows the pressure is proix)rtional to the applied electro- 
motive force, as stated in Wiedemann’s second law, and inversely 
proportional to the square of the diameter of the capillary, as 
found by Quincke. 

If <i> is determined, 6, the difTerence ift i)otential of the double 
layer, can be calculated. The value of e for glass and water 
calculated by Freundlich from Quincke’s results by formula (2) 
is 0.05 volt. Formula (3) could also be used for calculating e. 

These deductions do not explain Ous(‘’s results mentioned 
above, nor does he ofTer any satisfactory explanation. 

Sign of Charge. — With regard to the sign of the charge, the 
empirical rule has been found, that non-conductors of high di- 
electric constants are charged positively wIkui brought in contact 
with those of low constants. This is in many cases a quantitative 
relation. If the potential difference between different liquids and 
glass is measured by the height to which these liquids rise in the 
same glass capillary under the same potential gradient, the follow- 
ing relation between differences in potential and dielectric constants 
was found to hold for twenty-seven liquids : 

fh _ D\ - D gla.ss 
/i 2 D 2 — P glass 

This law is evidently not general, for if it were, water would always 
migrate to the cathode, which is not the case. 

Diaphragm Current. — If a liquid is forced through capillaries 
by mechanical forces, an electric diaphragm current is produced. 
For positively charged liquids the current is of course in the direc- 
tion of liquid flow. If the diameter of the capillary is so small that 
Poiseuille’s law holds, the electromotive force is proportional 
to the force applied, is independent of the dimensions of the 
capillary, and is given by the formula ^ 

E' = — , 

4 irriK 

* Perrin, J. Chim. Phys. 2, 611 (1904). 


( 4 ) 
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where the letters have the same significance as above. This 
electromotive force amounts to about ten volts when water is 
forced through sulfur capillaries with a pressure of one atmos- 
phere. 

It was shown by Sax6n ^ that formula (2) for the quantity of 
liquid transferred by an externally applied electromotive force 
and formula (4) giving the electromotive force produced by an 
externally applied mechanical pressure are in agreement. Equa- 
tions (2) and (4) may be put in the forms 


i 


~ and “ = , and therefore 

4Trr]K P 4 TTTjK i 


~F ■ 


These quantities were measured in the same apparatus, using a 
clay diaphragm and dilute solutions of zinc, copper, and cadmium 
sulfates, and it was found that the relation holds true to about 
one percent. 

Cochn’s empirical law for the charge on two substances when 
brought in contact does not hold at all for aqueous solutions. 
The present theory is that the charge on the diaphragm depends 
on the relative adsorption of cation and anion. If the diaphragm 
adsorbs th(5 cation to a greater extent than the anion, it becomes 
positively charged and the liquid moves to the anode. Ions of 
the opposite sign tend to neutralize this charge, and this effect 
increases rapidly with the valence of the ion. In many cases a 
reversal in the direction of migration of the liquid takes place w'hen 
the solution is alkaline in place of acid, since every diaphragm tends 
to be charged positively in acid solution and negatively in alkaline.*-* 

Cataphoresis. — If the material of a diaphragm in which the 
liquid moves to the cathode is pulverizeil and suspended in this 
liquid, the suspension moves to the anode. This action is called 
cataphoresis, though this expression is also used synonymously 
with electro-osmosis. The velocity of migration of suspended 
particles is of the same order of magnitude as that of ions, and 
there seems to be no difference in kind between cataphoresis and 
ionic migration.^ 

Similarly, if finely divided charged particles fall by gravity 
through a liquid, a current is produced in the expected direction.'^ 


1 Wied. Ann. 47, 46 (1892). 

* Bancroft, Colloid Chemistry, p. 209. 

* McBain, Brit. Ass. Adv. Sci., 1920, appendix, p. 3. 

* Billiter, Ann. d. Phys. 11, 937 (1903). This, however, was not con- 
firmed by Wliitney and Blake, J. Am. Ch. ^c. 26, 1378 (1904). 
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Electrostenolysis takes place when a current is sent through an 
electrolyte contained in very minute capillaries. Cracks made by 
suddenly cooling a heated glass tube by dipping in water are suit- 
able for showing this effect. If a current is forced through these 
capillaries containing a metallic salt solution, metal is deposited 
in the capillaries and gas is evolved, if the current is above a 
certain critical value depending on the electrolyte. There is at 
present no satisfactory explanation of this phenomenon. 

Colloids. — As the size of the particles of a dispersed system is 
reduced, we pass from suspensions to colloids and finally to mole- 
cules of crystalloids. A sharp break occurs between 0.1 p and 
1.0 p in the properties of the particles as regards the Brownian 
movement, forming sediment, and passwig through filter paper. 
The limit of the resolving power of the best microscopes is also in 
this region, being about 0.2 p. (p = one micron = 10~’mm. ; 
pp = 10~®mm.) 

The sizes of particles in these different states is roughly as 
follows : ^ 

Suspensions : particles down to about 0.1 p. 

Hydrosols (colloidal solutions and turbidities) : 0.001 p to 0.1 p. 

Molecules of crystalloids: 0.1 pp to 1.0 p. 

Hydrosols diffuse and have osmotic pressure and in general are 
more like crystalloids than suspensions. The property of a dis- 
persed system is, however, not dependent alone on the size of the 
particles, but also on the solvent. In general a system may be 
considered colloidal if the effect of gravity is negligible compared 
with other forms of energy. 

This criterion gives a means of determining whether a substance 
is a colloid or not, but there is no such simple classification of 
colloids themselves. In order to distinguish between substances 
of the type of colloidal gold and egg albumin, the division into 
colloidal suspensiom and colloidal solutions has been proposed. 
In place of colloidal suspension, the following names have been 
suggested: hydrophobic colloids, lyophohic colloids, suspension 
colloids, or suspensoids, while the following terms are used synony- 
mously with colloidal solutions: hydrophiles, lyophile colloids, 
emulsion colloids, and emulsoids. While this classification dis- 
tinguishes between widely different kinds of colloids, it is not a 
satisfactory means of classification, as many colloids could be 
placed in either group. 

* Zsigmondy, Chemistry of Colloids, p. 20 (1927). 
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Another classification depends on their behavior in the dry 
state ; they may be reversible or irreversible. Irreversible colloids 
when coagulated can be brought back to the colloidal state again 
only by electrical or chemical energy ; reversible colloids dissolve 
to form an apparently homogenous hydrosol. In this class belong 
gum arabic, albumin, glue, and gelatin. 

Suspension colloids, consisting of substances practically in- 
soluble in the dispersing medium, such as colloidal gold, may be 
prepared cither by a suitable chemical reaction which produces- 
the dispersed phase in the dispersing medium, or by grinding in 
the presence of the dispersing medium, or, in the case of metals, 
by striking an arc between electrodes consisting of the metal to 
be reduced to the colloidal state while submerged in the liquid. 
From 4 to 10 amperes and 30 to 40 volts an? required. 

Emulsion colloids, whose solutions have the power of gelatin- 
izing, such as glue and albumin, frequently dissolve when brought 
in contact with the dispersing medium, especially at higher tem- 
peratures. 

When colloidal particles coalesce and precipitate, the precipitate 
is called a gel. If the dispersing medium is water, it is called a 
hydro-gel, and similar prefixes are used for other media. The 
change back from a gel to a sol is called peptization. This is often 
assisted by the presence of a small amount of some peptizing agent ; 
for example, silver nitrate peptizes a precipitate of silver iodide. 

Colloid particles, like suspensions, are generally charged; the 
origin of the charge may be due to (1) dissociation, as with electro- 
lytic colloids such as dyestuffs with high molecular weights and 
soap solutions ; ^ (2) in the case of non-conductors, to difference in 
dielectric constants, and (3) to adsorption or to giving off of ions 
to the liquid. Small particles of metals may give off ions just like 
little electrodes, leaving the metal particles negatively charged, 
and the noble metals may contain free hydrogen and give off hydro- 
gen ions like a hydrogen electrode. 

The charges on suspension colloids are the principal cause of 
their remaining in a fine state of division,® though the Brownian 
movement also helps, and possibly also a small value of surface 
tension. Electric forces are much less important for emulsion 
colloids, because of the small surface tension. 

The sign of the charge on colloids is largely dependent on the 
electrolytes present. Hydrogen and hydroxyl ions are especially 

* McBain, l.c. 

* Ellis, Z. phys. Ch. 89, 145 (1914). 
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important. Albumen, for example, has no charge in pure water, 
while a trace of alkali causes it to migrate to the anode and a trace 
of acid to the. cathode. The same holds true for many suspended 
powders and hydrosols. Table 13 shows the charge on colloidal 
particles when prepared in the usual way and purified by dialysis.^ 


Table 13. Chauue on Colloid.\l Pautk’iples 

Charge Pohitive, Charge Negative, 

Migrate to Cathode M ujhate to Anode 

C’olloidal Kold, silver, platinum 
sulfur 

nrsenious sulfidt' 
antimonms sulfidt; 

^‘uj)ric sulfide 
leatl .sulfide 
eadmiuin sulfide 
mastic 

Kaiiihoge, gum arabic 
soluble starch 
silicic acid 
stannic acid 
molybdenum blue 
tungsten blue 
vanadium ptaitoxide 
tannin 
cararnid 
hi'inoglobin 
acid dyt'stufFs 

(colloidal and crystalloidal) 

Even some crystalloidtil non-electrolytes, such as sugar, migrate 
with the current, while oth(*rs do not.^ 

The rate of migration of colloids is of the same order of magnitude 
as that of suspensions and ions. Since colloid particles are much 
larger than ions, it is evident therefore that their charge must be 
much larger also. It is calculated from Stokes’ law that the charge 
on a silver particle having a diameter of 50 h/jl and a velocity of 
2 fjL per second per volt-centimeter would equal that of 99 chlorine 
ions.* 

The electrochemical equivalent has been determined for a 
number of hydrosols, and is found to be much smaller than that 
of electrolytes. The electrical conductances of colloidal solutions 

* Z.sigmondy, Chemistry of Colloids, p. 45; Bredig, Z. Elektroch., 9 , 738 
(1903). 

* Coehn, Z. Elektroch. 16 , 6.52 (1909). 

•Zsigmondy, I c., p. 51. 


Colloidal iron oxide 

“ cadmium hydroxide 

“ aluminum hydroxide 

“ chromium oxide 

“ titanic oxide 

thorium oxide 
“ zirconium oxide 

“ cerium oxide 

Basic dyestuffs 

{colloidal or cry.stalloidal) 
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have not yet been determined with accuracy, on account of their 
small values.^ 

According to Loeb^ the theory of colloidal behavior can be 
quantitatively explained by means of two laws, the law of 
stoichiometry and Donnan’s theory of membrane equilibria.^ 
This theory is stated by Donnan as follows : “ We suppose that 
the membrane (indicated in the following diagram by a vertical 
line) be impermeable to the anion R of a salt NaR (and also for 
the non-dissociated part of the salt NaR), but permeable for all 
other ions and salts to be considered in this connection. . . . 

“ Suppose that in the beginning we have a solution of NaR on 
one side of the membrane (indicated by the vertical line) and of 
NaCl on the other side, o 


Na+ 


R- 

(1) 


Na+ 

ci- 

( 2 ) 


In this case Na(^l will diffuse from (2) to (1). In the end the fol- 
lowing equilibrium will result : 


Na+ Na+ 

R- 

Cl- ci- 

(1) (2) 


When this equilibrium is established, the energy required to trans- 
port isothermally and reversibly 1 gram-molecule Na from (2) to 
(1) equals the energy which can be gained by the corresponding 
reversible and isothermal transport of a gram-molecule Cl”.'' 
That is 


or 


RT log 


( Na+)2 

(Na+)i 


+ RT log 


(Cl-)2 

(Cl')i 


= 0 , 


(Na+) 2 ((n -)2 = (Na+)i(Cl-)i, 


where the parenthe.ses signify molar concentrations. Those who 
wish to follow the consequences of this theory will find it in Loeb’s 
work referred to above. 


^Duclaux, C. r. 140, 1468 (1905); Malfitano, C. r. 139, 1221 (1904); 
Nernst, Theoretische Chemie, 8-10 ed., p. 494 (1921). 

* Proleim ami the Theorif of Colloidal Behavior, p. 26 (1922). 

•Z. Elektroch. 17, 572 (1911). 
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CHAPTER V 


ELECTROMOTIVE FORCE 


Definitions. — Electric energy consists of two factors, quantity 
of electricity and difference of potential. So far only the first 
factor has been considered. The present chapter will take up the 
differences of potential produced by voltaic or galvanic cells, which 
may be defined as any arrangement by which the energy of chemi- 
cal reactions, or of certain physical processes, such as diffusion, is 
changed to electric (uiergy. The subject of the chapter following 
will be the voltage that must be applied to electrolytic cells to force 
a current through them. 

Measurement of Electromotive Force. — When the capacity 
of a voltaic cell is sufficient to furnish the current reciuired by a 
^ _ voltmeter connected 

across its terminals 
without affecting its 
electromotive force, a 
voltmeter reading is 
the simplest method 
of determining this 
quantity. The Pog- 
gendorff method, 
however, is used where 
the greatest accuracy 
is required, or where 
the cell is too easily 
polarized to allow taking an appreciable current from it. This 
method depends on balancing the unknown against a known 
electromotive force. It is illustrated in Figure 18. AB rep- 
resents a wire stretched on a meter scale, E a two-volt storage 
battery, C the cell to be measured, I) a galvanometer, and K a key. 
The two cells must be connected so as to oppose each other, though 
both negative poles could be connected to A . The measurement 
consists in finding the position on the bridge of the sliding contact 
p where there is no deflection in the galvanometer when the key 
is closed. Ihen if the wire is of uniform resistanee throughout, 
C>2 



Fig. 18 .- 


■ POOGKNDOUFF MfTHOD OF MEASURING 
Electhomotive Force 
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the fractional part of the wire AD/ A B is that part of the electro- 
motive force of V that equals the electromotive force of C ; 
that is, i 

X c.m.f. of K = o.m.f. of C. 

AB 

V is not a standard coll, but only one which should remain constant 



Fiu. 10. — \Vk0ton Standard (’ell 


during the measurement. In order to get a comparison with a 
standard cell C', C is replaced by L’' and a new balance found at 
D'. Then AD : AD' = e.m.f. of C: c.m.f. of C'. 

The apparatus re(iuired for tlu'se rneasuiemcnts is made in a 
compact form called a potentiometer, in which the slide wire is 
wound on a drum. 

The most commonly used standard cell is the Weston cell, repre- 
sented in Figure 19. It has an electromotive force represented 
by the equation : ‘ 

E = 1.0183 - 0.00004075« - 20) - 0.000000944(< - 20)* 

+ 0.0000000098( t~ 20).^ 

The small temperature coefficient of this cell is one of its principal 
advantages. 

The Clark cell is as follows : 

10 percent zinc ZnS04.7H20 crystals in sat. Hg2S04 paste Hg. 
amalgam sol. of ZnS04 

It has the electromotive force 

E = 1.4328 - 0.0011 19(« - 15) - 0.000007(/ ~ 15)*, 

and is used to define the practical value of the international volt, 
as shown in the appendi.x. 

' Bull. Bureau of Standards, 6, .336 (1909) ; Bureau of Standards Report to 
Int. Committee on El. Units and Standards, p. 206 (1912). 
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The Helmholtz calomel cell is the following : 

Zinc|ZnCl2 sol. sp. gr. 1.409 at 15°|Hg2Cl2 paste|Hg. 

At 15° C. this cell has an electromotive force of 1 volt and a tempera- 
ture coefficient of + 0.00007 volt per degree. 

Reversible and Irreversible Cells. — There are two kinds of 
voltaic cells, reversible and irreversible. A reversible cell is one 
in which the original condition can be restored, after taking current 
from it, by passing the same amount of electricity through the cell 
in the opposite direction, and by the expenditure of the same 
amount of energy that was taken from it. 

Irreversible C('lls are those in which this cannot be done. Elec- 
tromotive forces can be calculated with accuracy only for reversible 
cells. Volta’s cell, consisting of zinc, dilute sulphuric acid, and 
silver, is an example of an irreversible cell, for on taking current 
from the cell hydrogen is evolved at the cathode which would not 
be recovered in sending current through in the opposite direction, 
and moreover the reverse current would change the silver electrode 
to silver sulfate. 

The Daniell cell, Zn|ZnS()4 sol.|CuS04 sol.|Cu, is an example 
of a reversible cell, for the reaction goes in the opposite direction 
when the current is reversed, and the original state of the cell is 
restored. 

The Gibbs-Helmholtz Equation. — Ciibbs and Helmholtz derived 
independently a relation between the heat liberated in a reaction, 
the electric energy produced by the voltaic cell in which the reaction 
is made use of, and the temperature coefficient of the electromotive 
force of the cell. This relation can be derived by a process similar 
to the Carnot cycle, as follows. 

Let Q represent the heat evolved by the reaction when it takes 
place without doing any work, and therefore the total energy 
change of the reaction, and E the electromotive force of the cell, 
at the absolute temperature T. The same quantities at T dT 
are Q + dQ and E -f dE, 

(1) The cell is removed from a reservoir in which it is contained 
at T® and placed in one at T -f dT, absorbing kidT calorics. The 
cell is now allowed to deliver F coulombs of electricity, doing the 
electrical work equivalent to j(E -f dE)F calories, j being the factor 
to change joules to calories. According to the first law of thermo- 
dynamics, 

Decrease in total energy = work done — heat absorbed. (1) 
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Substituting in the corresponding values, 

0 + dQ = i(E + dE)F ~ g, 
therefore the heat absorbed at T + dT is, 

j{E + dE)F - (Q + dQ) -f hdT, 

(2) Now cool the cell to T° by placing in the reservoir at this 
temperature. The heat capacity of the cell afttT the reaction is 
k 2 and it therefore gives up the heat k^dT. (3) Next F coulombs 
are sent through the cell in the opposite direction. Substituting 
in equation (1) above, 

~Q=~jFE~g', 

therefore — g', the heat given out to thf* reservoir at the lower 
temperature is jFE — Q k^dT. The rc'sult of this reversible, 
cyclical process is that the cell has done tlu' work, ecpiivalent to 

j(E (fE)F ~ ;TE - jEdE calories, 

and at the same time jFE — Q + - k\)dT calories have fallen 

through the temp(‘rature dT. The third term is entirely negligible 
in comparison with the first two. 

It is shown by the second law that whem a quantity of heat H, 
falls by a reversible cyclical process Ihrough tlie temperature dT 
the maximum amount of work which it can produce is : 

,IW . I,f 

Substituting the above values in this formula gives : 

=i(FE -W~,or 


E = 


Q I rpfkE 

jF dr 


( 2 ) 


which is the Gibbs-Helmholtz ecpiation. It is evident from this 
that the electromotive force of a cell can be calculated by the 


formula E = — from the heat of the reaction when the temperature 

coefficient is zero. This was formerly supposed to be true in all 
cases and is known as Thomson's rule. In many cases it can l)e 
used where an accuracy better than 10 percent is not required.^ 
If the temperature coefficient is positive, the cell takes up heat 


^ Thompson, J. Ain. Ch. Soc. 28, 731 (1906). 
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from the surroundings and delivers more electric energy than 
corresponds to the heat of the reaction, while if negative, less is 
delivered and the rest is given up to the surroundings. Table 14 
contains data taken for the purpose of testing this equation.^ 

Table 14. The CJibbs-Helmholtz Equation 





Q IN CALOH1E8 

Cull 

E m 
Volts 

(IE 

(IT 

Calc 
from E 
and 
dE 
df 

By Cal- 
orimetric 
Meas- 
uremeut 

By 

Thom- 

son 

Rule = 
^■FE 
419 

Cu|Cu(C 2H,0,), Pb(C2H*02)|Pb 

0.4704 
< = 0"| 

+ 0.000385 

16000 

17533 

21684 

Cu|CuS 04 ZnS 04 |Zn 
sols. sat. at 1.5® 

1.0934 
t = 15° 

- 0.000429 

.50089 

55189 

.50395 

Ag 1 AgCl ZnClj + 100 H^OIZn 

1.015 1 
< = 0° 

- 0.000402 

.51989 

.52040 

46907 

HgIHgCl 0.01 NKClIN KNtLI 

0.01 N KOH IlgsOlHg 

0.1636 ^ 
/ = 18..5! 

4- 0.0008;?7 

- 3710 

- 3280 

7500 


It will be noticed that the agreement of the values in columns 4 
and 5 is better than that in 5 and 6, and that in the last cell even 
the sign of the heat effect calculated by Thomson’s rule is wrong. 

Heats of reaction can bo calculated from potential measurements 
at two diff(‘r('nt temperatures by the Gibbs-Helrnholtz equation ; 
the reverse is evidently not possible. However, electromotive 
force values of certain reversible cells can be calculated by the third 
law of thermodynamics from purely thermal data, and values for 
reversible concentration cells can be calculated (1) by the following 
historically important osmotic theory of Nernst, or (2) by consider- 
ing the change to take place in two different reversible ways, one 
of which is in a voltaic cell, and equating the corresponding two 
expressions for free energy. These methods will now be described. 

Nerast’s Osmotic Theory of Electromotive Force.^ — The funda- 
mental conception of this theory is that clectromotively active 
substances have a tendency to go in solution as charged ions. 
This tendency is called the electrolytic solution pressure of the 

' See Jahn, Wied. Ann. 60 , 189 (1893) ; Bugarsky, Z. anorg. Ch. 14 , 146 
(1897) ; Cohen, Z. phvs. Ch. W, 70C (1907). 

» Z. phys. Ch. 4 , 129 (1889). 
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substance. It is constant for each substance at a given tempera- 
ture and pressure and for a given solvent. 

A metal dipping in pure water thus tends to dissolve ns positively 
charged ions, leaving the metal negatively charged ; these ions are 
therefore attracted to the surface', forming what is known as a 
double layer. The attraction between the 
metal and the ions increases with the num- 
ber of ions sent out, and finally becomes so 
great that no more ions can leave the metal. 

If the liquid in which the metal dips is a so- 
lution of a salt of this metal, the o.srnotic 
pressure of the ions already present also 
opposes the further formation of ions ffom 
the metal. If (1) the osmotic pressure p 
is equal to the electrolytic solution pressure 
P, no ions will go in solution and there will 
be no dilTerence in j)otential. If P > p, 
ions will go in solution until the following 
equation is satisfied : 

P = p -f- a*, - 20. 


\m 




[lUn 


m 


~Watw 


-Solution 


where x is the electric attraction between 
the metal and the ions. If (3) P < p, then ions deposit on the 
metal until the osmotic pressure equals the electrolytic pres- 
sure plus the electrostatic repulsion between the positively charged 
metal and the positive ions in solution. Then, 


P + x = p. 

Similar relations hold if the electrode sc'nds out negative ions, as 
in the case of the halogens. 

The electromotive force between the liquid and the metal can 
be calculated as follows. 

In Figure 20 suppose the cylinder contains a metal electrode at 
the bottom and a frictionless piston permeable to water but not 
to the ions sent off by the electrode. Suppose there is an infini- 
tesimal film of solution of ions of the electrode between the piston 
and the electrode, with the osmotic pressure p. (1) Allow v 
faradays of electricity to pass from the electrode to the solution, 
where v is the valence of the ions, and alhjw the piston to rise so as 
to keep the pressure p constant. If E is the potential difference 
at the electrode, the work done by the machine is. 


EF -f kpv, 
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where v is the volume of solution containing one gram atom of the 
ions in question, and where k is the factor to change liter-atmos- 
pheres, in which R is supposed to be expressed, into joules, and 
equals 1000 X 13.596 X 76 X lO'^ = 101.4. (2) Allow the ions 
to expand to the volume v + dv, producing the work kpdv. The 
potential difference at the electrode is now E + dE. (3) Pass 
the same quantity of electricity in the reverse direction, and 
allow the piston to sink so as to keep the pressure constant. 
The piston will now be in the original position, and the only dif- 
ference in the state of the system before and after the experiment 
is that the film of solution contains ions at the osmotic pressure 
p + dp, which would give a negligible amount of work in return- 
ing to the pressure p. The work done by the system in the last 
operation is therefore 

- -h dE)F. 

The sum of the quantities of work performed in these three steps 
must be zero, otherwise perpetual motion would be possible. That 
is, 

— v¥dE + kpdv = 0. 

Integrating this gives, 

pE¥ = - kRT + const. 

J V 

- - kRTlnp + const. 


The constant can be put in the form kRTlnP, and the equation 
then becomes. 


X, kJiT. P 
E = — 

pF V 


(3) 


This equation is a mathematical statement of the Nernst osmotic 
theory of electromotive force, and is of fundamental importance 
in electrochemistry. If P - p, the electromotive force is zero, 
so this integration constant may be considered the electrolytic 
solution pressure. 

Substituting in the values of the constants, changing the natural 
logarithms to the base 10, and placing T == 273° 4* 18°, gives 


- 101.4 X 0.0821 X 291 , P 0.05780 , P 

£ ~ log _ ~ jQg _ . 

0.4343 X 96500 V p v p 

For 25° C. the numerical factor is 0.05916. 


( 4 ) 
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E is called the electrode potential of the electrode, and E® is the 
value of E when the concentration of the ions that determine the 
electrode potential is molal; that is, one mol per 1000 of water. 

It must be remembered that in this derivation the solution is 
supposed to obey the gas law. 

If two electodes consisting of metals dipping in solutions of 
their salts are combined to form the cell, 

M,1MiX|M2X|M2, 


its electromotive force would be, 


E = 


IIT, Pi RT, P 2 

log log--, 

I'lF Pi V 2 F p2 


(5) 


neglecting the potential difference at the junction of the two 
liquids. Wlicthcr the two single values are to be added or sub- 
tracted depends on the case considered, for the el(‘ctrod(‘S may 
assist or oppose each other. (See also pagi^ 100.) 

When the Nernst osmotic theory was first testc'd experimentally, 
it was found that the results were in approximate agreement with 
the theory, when the ion concentrations wer(‘ calculated from con- 
ductance ratios. More car(‘ful work has shown, however, that, 
as in the case of the mass action law, activities and not conductance 
ratios should be used in these formulas. Up to concentrations of 
1 molal, however, approximately corr(*ct results ar(‘ calculated 
from conductance ratios, and in the following examples both con- 
ductance ratios and activities will be used, according to the example 
chosen. 

According to the theory here present(‘d practically the entire 
electromotive force of a galvanic cell is situated at the junctions 
of the two electrodes with the electrolyte. Recent work, however, 
on the electron emission from heated metals, photo-electric phenom- 
ena, and contact potentials has shown that a large part of the 
electromotive force of a cell is due to the contact potential between 
the two metals of the electrodes, and thus Volta’s original theory, 
discredited among chemists since the work of Ostwald and Nernst 
(1889 to 1893) on the electromotive force of voltaic cells, has been 
found in the main to be correct. The values of electrode poten- 
tials include the potential differences of the metals, and this will 
be the best method until the absolute values of electrode potentials 
can be determined.^ 


‘ Langmuir, Tr. Am. Electroch. Soc. 29 , 126 (1916) ; Lewis and Randall, 
Thermodynamics, p. 401 (1923). 
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(1) The cell, 

Zn amalgam Ci|ZnS 04 sol.|Zn amalgam C 2 , 


has the electromotive force, 


„ RT, Pi RT, P 2 

E log _ _ log 

2 F 7)1 2 F P 2 


( 6 ) 


The electrolytic solution pressure of zinc in amalgams may be 
considered proportional (o its osmotic pressure in the amalgam, 
and this in turn is proportional to its concentration. Therefore 
this reduces to. 


■.E=2plog^, 


(7) 


where the C/s are the concentrations of zinc in the amalgams. 
Equation (7) for amalgams had been derived by several others 
before the publication of Nernst^s theory.* Thus it can be derived 
by purely osmotic eonsid(‘rations, as follows : When the cell de- 
livers energy, zinc dissolves from the more concentrated amalgam 
and deposits in tlu* less concentrated. Th(‘ maximum amount of 
work obtainable from the reversible expansion of one gram mol 
of any dissolved substance that obeys the gas law, from the 


concentration To to Ci is PT log 


r, 


If this process delivers electric 


work in place of osmotic work, it will have the value 2 EF, which 
must be equal to the osmotic work, as both processes arc sup- 
posed to take place reversibly and isothermally and therefore 
give the maximum values of free energy. Equating these two 
quantities gives equation (7). This deduction assumes that 
the dissolved substance is monatomic, and that the gas law 
holds. 

This ecpiation has been tested by Richards between 0° C. and 
40°, with the result that when the concentration is less than 0.01 
gram atom per liter, the amalgams of thallium, indium, tin, 
zinc, lead, copper, and lithium behave as ideal solutions.* Devia- 
tions occur with higher concentrations. In the case of thal- 
lium solutions measured up to 45 percent solutions, the meas- 
ured values are nearly twice as large as required by the for- 
mula at the higher concentrations, while with lead and tin they 
are lower. 


* Richards and Wilson, Pub. Carnegie Inst. 118 , 3 (1909). 
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(2) Another important type of concentration cell is, 
AglAgNOa sol. cone. CijAgNOa sol. cone. CslAg, 
for which 


E iv Ji I 1 1 ^ IV J 1 1)2 II i 1 V 

= ™ log log - = — log log - . 

F Pi F P2 F Pi F CiTi 


(8) 


7 i and 72 are the dissociations of the two solutions. Nernst 
measured this cell and found 0.055 volt, while the calculated value 
is 0.054. 

The calculation of the electromotive force of this cell from 
osmotic work is as follows. Wlnm one faraday is taken from the 
cell, one equivalent of silv(‘r dissolves in* the dilute solution and 
an equal amount (kqx)sits from the concemt rated. At the same* 
time ions move across the junction of th(‘ solutions. If n is the 
transference number of the nitrate ion in silver nitrate, 1 — n 
equivalent of silver migrates from the dilute to the concentrated 
solution, leaving n more equivalent in the dilute solution than at 
the start. Likewise n equivalent of nitrate ion lias migrated from 
the concentrat('d to the ddute solution. The total osmotic work 
obtainable from this jirocess is thendon', 


= EF. (9) 

L i7i 

This agrees with the Nernst equation (S) only when n = J. The 
reason for this difference is tlnlt in the* Nernst derivation no 
account is taken of the difference of potential at the junction of the 
two liquids. The difference' between tli(‘S(‘ two values of E there- 
fore must give the electromotive force at this junction : 

E at liquid-liquid junction = (1 -- 2 n) log (10) 

r (/i7i 

If the metal is n-valent, and dips in a solution of one of its salts 
which dissociates into m ions of anionic transference number n, 
the above derivation will give the result, 

( 11 ) 

(3) The cell 

ZnIZnCU sol. cone. CilHgaChlHgiHRsCUIZnCIj sol. cone. C 2 |Hg 
differs from the cell 

Zn|ZnCl sol. cone. CilZnCL cone. C 2 |Zn 
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by having the mercury electrode inserted in the middle so that 
there is no possibility of zinc chloride migrating from one con- 
centration to the other. These are called concentration cells without 
transference. When the cell is active, solid mercurous chloride 
disappears from one side and appears on the other, but this involves 
no work. Also one mol of zinc ions is changed reversibly from the 
higher concentration C 272 to the lower concentration Ciyi, which 
is capable of furnishing the work, 


RThfr 


Cm 

Cm' 


while the two mols of chlorine ions that accompany the zinc if 
transferred reversibly from the higher to the lower concentration 
are capable of furnishing twice this amount of work. Placing the 
sum of these equal to the el(*ctric work and dividing by 2 F gives 




(12) 


It would make no difference if some other metal and one of its 
slightly soluble salts replaced mercury and calomel. This is shown 
in Table 15.^ 


Table 15. Electromotive Forces of Cells of the Type 
ZnlZnClj llK,Cl 2 inK|Hg,(’l 2 ZnCbjZn and ZnIZiiClj .AgCllAglAgCl ZnCblZn 


Cove or 

ZnCl« 

Odhkrvkd K M.F of Cells with 

Calc. E.M.F. 

Hg|II»C!, 

AglAgCl 

0.2 - 0.02 

0.0787 

0.0767 

0.0797 

0,1 - 0.01 

0.0800 

0.0780 

0.0818 

0.02 - 0.002 

0.0843 

0.0843 

0.0844 

0.01 - O.OOl 

0.0861 

0.0847 

0.0853 


Comparing equations (11) and (12), it is evident that the trans- 
ference number of zinc chloride can be determined by dividing one 
of these equations by the othcr.^ In fact, this gives the most 
accurate method of obtaining transference numbers. Direct 
division is allowable only when the transference number is constant 
between the concentrations of the two solutions. When it changes, 
i Goodwin, Z. phys. Ch. IS, 577 (1894). 

* Sec Maclnne.s and Parker, J. Am. Ch. Soe. 37, 1457 (1915) ; Macinnes 
and Beattie, J. Am, Ch. Soc. 42, 1117 (1920). 
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it is possible to calculate the values of transference numbers for 
given concentrations. 

Table IG gives transference numbers obtained in this way. 


Table 1G. TRANSFERfjxrF] Numbers of Lithiitm Chloride 


CONC C 

E M F .Mktiiod 

Bkht V\LtiK, Hittokf Method 

0.01 

0.334 

0.332 

0.1 

0.311 

0.328 

1.0 

0.280 

0.313 

3.0 

0.201 

— 


(4) The cell 

AglAgNOalKNOalKCl Ag(1|Ag 


is similar to (2) above, in that it has two reversible electrodes of 
the same metal. The difference is that here the concentration of 
the silver ions at the right-hand (deetrode is very small. Electrodes 
of this kind, which are covennl with an insolubh' salt of the metal 
of the electrode, and which are in a solution of a salt containing the 
same anion as the insoluble salt., are called mipolarizable electrodes 
of the second kmd, or electrodes reversible with respect to the anion. 
Formula (8) gives the electromotive force of tliis cell, when C2 
refers to the concentnition of silver nitrate, Ci to silver chloride. 
The concentration of silver ions in the potassium chloridi' solution 
can be found as follows. A saturated solution of silver chloride in 
pure water has been found by conductivity to be 0.0000144 normal. 
Since so dilute a solution is completely dissociated, each ion has 
this same concentration and the solubility product is 


(Ag)(Cl) - 0.00001442 = ,S2. 

In the chloride solution the chloride ions from potassium chloride 
have the concentration C 3 , and the chloride and silver ions from 
silver chloride the new value Cj. Since the solubility product is 
constant, ^ 1 ^ n _ 02 


by equation 7, page 46, and since C.i is relatively very large with 
respect to C 2 , ^ 


If the potassium chloride is 0.1 normal, which is 85 percent disso- 
ciated, and the silver nitrate 0.1 normal and 82 percent dissociated, 
then 
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E = “ log ~ experimentally 

determined value is 0.45. 


Cells with Gas Electrodes. — Certain gases, such as hydrogen 
and chlorine, can bo made to act as electrodes by bringing them 
in contact with platinized platinum dipping into a solution con- 
taining the ions of the gas. A cell of this kind can also be made 
by combining two (‘lectrod(‘s with the hydrogen at difftTont pres- 
sures, dipping into solutions of the same hydrogen ion concentra- 
tion. If the (‘lectrolytic solution pressures in the two electrodes 
are P 2 and Pi, then by the Nernst formula, 


E = 


HI 

F 



since the osmotic pressures cancel. If one mol of hydrogen is 
allowed to expand reversil)ly from the gas pressure p 2 to pi, it 
could do the work : 

It 1 , Pi 

- -logt- 

F Pi 

and the same work electrically would be 2 EF, since each molecule 
furnishes two ions. Therefore 



and consequently for any diatomic gas giving two univalent ions 
the electrolytic solution jircssures are proportional to the square 
root of the gas pressures. 

Another concentration cell can be made having the gases of the 
two electrodes at the same pressure but dipping in solutions of 
different hydrogen ion concentration. An imix)rtant case is when 
one solution is acid, the other alkaline. If both are 0.1 molal, 
then the activity of the hydrogen ions in the acid is 0.084 (Table 18), 
and from the measured voltage of the cell the concentration of 
hydrogen ions in the alkali can be calculated as follows. Taking 
into account the potential difference at the liquid-liquid junction, 
at 25° this cell has the voltage 0.7008.’ Therefore 


0.7(K)8 = 0.05916 log 


^ Lorenz uiul Bohi, Z. phvs. Ch. 66, 7^33 (1909) ; Lewis and Randall, J. .4m. 
Ch. Soc. 36, 1909 (1914) ; Thernwdifmmics, p. 408 (1923). 
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from which the activity of hydrogen ions in the alkali solution is, 
C = 0.084 X 10-»i 
According to the mass action law, 

— (H (T)" "" f^onstant = K, 

and taking the activity of water as unity, 

(0H“)(1I+) = K, (13) 

for all solutions of pure water. Substituting the activity of hy- 
droxyl ions in the 0.1 molal solution, O.OSl, (13) gives 

0.081 X 0.084 X 10- - 0.957 10-*^ 

Since in pure water the hydroxyl ion concentration e(|uals the 
hydrogen ion concentration, 

(OH-)(H+) = VdoSTlo"^ = 0.98 10-^ 

which agrees very well with the valiK' 1.07 10~’ calculated from 
Kohlrausch’s coTiductivity measureimuits at 25'^ ( (S(‘e page 44.) 
The following valiK's calculated by L<‘wis and Randall by another 
method are doubtless the best values at j)r(*.seiit ; 

0“ IS’ 2.5“ 

0.114 10-^' 0.58 10-’^ 1.005 10“>4 

At 100° ku, = 48 X 10-»‘.‘ 

Activities of Ions. — Attention has ))een called to the fact both 
in the present chapter and in that on ('onduetivity tliat the ac- 
tivities of ions are not equal to tlu'ir concentrations, except in 
very dilute solutions. Activities can b(‘ determined by freezing- 
point lowering, by the effect of salts on th(‘ .solubility of one another, 
from vapor pressure, and from (4ectromotiv(‘ force values. Only 
the last two will be considered her(‘. 

When an electrolyte has a measurable vapor pressure, the 
activity of the electrolyte in the .solution and in the gas phase 
must be equal becau.se they are in equilibrium. Since the activity 
of a perfect gas is equal to its concentration, and since ga.ses at 
low pressures are perfect, the ratio of the vafK)r pressures Is equal 
to that of the activities. 

Thus the partial vapor pressures of 10 and 7 formal hydro- 

‘ Noyes, Carnegie Institution of Washington, publication No. 63, p. 185 
(1907). 
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chloric acid solutions at 25® C. are 4.2 and 0.14 mm. of mercury an 
the ratio of the activities of un-ionized HCl is therefore : 





But by the mass action law anci = A^(aH+)(aci-), therefore ^ 

(? hicl)t _ (^HO l) 1 _ (%-f)l( ^Cl-) 

(PhCi)2 (^^HC|)2 (®U+)2(^C1-)2 

The determination of electromotive force is of more general 
applicability than the method just given. The tyi)e of cell used 
for this purpose is : 

H2(1 atm.)HCl C, molal, AgCl|Ag|AgCl, IICl C^molal H 2 (1 atm.) 

for which E - log (15) 

F Ciai 


derived by substituting (14) in 

EF= It T log 

(Phc|)2 

where Ciai and are the square roots of the products of the 
activities of the two ions. If this cell is measured, a 2 can be cal- 
culated if C 2 , Cl, and ai are known. 

At low concentrations the activity of the ions is assumed equal 
to the concentration of the ion constituent. In this way the 
square roots of the product of activity coefficients of ions can be 
found. 

Table 17 gives this activity coefficient for a number of the more 
important electrolytes. 

The activity coefficients all go through minimum values, as 
shown by the curves in Figure 21, which gives the activity coeffi- 
cients and conductance ratios for hydrochloric acid. One of the 
problems of the theory of solution is4o account for differences 
between the activity coefficients and the conductance ratios. At 
present there is no known relation between them. 

The absolute ion activities cannot yet be determined, but 
by assuming, as suggested by MacInnes, that at each concentration 


Noyes and MacInnes, J. Am. Ch. Soc. 42 , 239 (1920). 
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the two ions of potassium chloride be considered to have the same 
activity on the grounds that they have the same weight and 
mobility, individual activity coefficients for ions have been cal- 



Log of Concentration 

Fio. 21. — Dissociation, and Activity Coefficient 


culated by Lewis and Randall, as follows : From Table 17 anci 
at 0.01 molahty is 0.922 for each ion. Therefore for KIO 3 

(.882)=^ 


«IOi = 


.922 


= 0.845. 
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Table 17. Activity Coefficients of Typical Electrolytes 
Lewis and Randall, Thermodynamics, p. 362 (1923) 


Molality * 

001 

0.01 

oos 

01 

0.2 

0.5 

1 

3 

HCl (25") 

0.924 

0.891 

0.860 

0.814 

0.783 { 

0.762 

0.823 

1..35 

LiCl (25") 

0.922 

0.892 

0.843 

0.804 

0.774 

0.7.54 

0.776 

1.20 

NaCl (25°) 

0.922 

0.892 

0.842 

0.798 

0.7.52 

0.689 

0.650 

0.704 

KCl (25") 

0.922 

0.892 

0.840 

0.794 

0.749 

0.682 

0.643 


KOH (25") 

0.92 

0.89 

0.84 

0.80 

0.75 

0.73 

0.75 


KNO, 

0.916 

0.878 

0.806 

0.732 





AgNO, 

0.902 

0.857 

0.783 

0.723 

0.655 

0.526 

0.396 


KIO,, NalO, 

0.882 

0.840 

0.765 

0.692 





BaCl] 

0.716 

0.655 

0..568 

0.501 





CdCl, (25°) 

0.532 

0.44 

0..30 

0.219 





KjSOi 

0.687 

0.614 

0..505 

0.421 





HjS04 (25°) 

0.617 

0.519 

0.397 

0.313 

0.244 

0.178 

0.1.50 

0.170 

La(NO,)i 

0.571 

0.491 

0.391 

0.326 

0.271 




MkS04 

0.404 

0.321 

0.225 

0.166 

0.119 




CdS()4 

0.404 

0.324 

0.220 

0.160 





C 11 SO 4 

0.404 

0.320 

0.216 

0.1.58 

0.110 

0.067 




* Molality is the numlx?r of inols per KXX) grams of water. 


Table 18. Activity Coefficients of Individual Ions at 
Various Ionic Stuenoths 

Lewis and Randall, Thermodynamics, p. 382 (1923) 


Molality 

0001 

i 

0 003 

0 005 

0 01 

0.02 

0.05 

0.1 


0.98 

0.97 

0.95 

0.92 

0.90 

0.88 

0.84 

OH- 

0.98 

0.97 

0.95 

0.92 

0.89 

0.85 

0.81 

Cl- Br-, I- 

0.98 

0.97 

0.95 

0.92 

0.89 

0.84 

0.794 

Li^ 

0.98 

0.97 

0.95 

0.92 

0.89 

0.8.5 

0.81 

Na+ 

0.98 

0.97 ! 

0.95 

0.92 

0.89 

0.84 

0,80 

K+ Rb^ C8+ 

0.98 

0.97 

0.95 

0.92 

0.89 

0.84 

0.79 

Ag+ 

0.97 

0.96 1 

0.93 

0.90 

0.85 

0.80 

0.77 

Tl^ 

0.97 

0.96 

0.93 

0.90 

0.8,5 

0.75 

0.64 

NOr 

0.97 

0.96 

0.94 

0.91 

0.87 

0.77 

0.68 

ClOr, BrOr, lOr 

0.95 

0.93 

0.89 

0.85 

0 79 

0.70 

0.61 


0.78 

0.74 

0.66 

0.60 

0.53 

0.43 

0.34 

SOt- 

0.77 

0.71 

0.63 

0.56 

0.47 

0.35 

0.26 

La^^\ Fe(CN)»” 

0.73 i 

0.66 

0.55 

0.47 

0.37 

0.28 

0.21 
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In this way the figures given in Table 18 have been calculated. 

Under Me are included Mg++, Ca++, Sr++, Ba++, Cu++, Zn++, 
Cd++. For Cd the values are not to be used for obtaining the 
activity coefficients of halides. 

Electromotive Forces Due to Mechanical Forces. — It is an 

interesting fact that mechanical forces can produce electromotive 
forces in voltaic cells. Thus an iron electrode under strain has a 
slightly different electromotive force than when unstrained. 
Above the elastic limit this amounts to several hundredths of a 
volt, below this limit the change in electromotive force is smaller.^ 

If two electrodes of the* same metal are plac(‘d one above the 
other in the same solution, there will be ti difference of potential 
between the two, because of the transfer of material from one 
electrode to the other when a current passes, as was shown must 
be the case by Maxwell in 187<S. In a cell consisting of two zinc 
electrodes placed one above the other in a 1 percent zinc sulphate 
solution, the positive current flows from the lower to the upper 
electrode because while 32.5 grams of zinc move upward, 57.7 
grams of sulfate ions move downward.^ 

This effect can be increased by using centrifugal force in place 
of gravity. Measurements of this kind have been made and found 
to agree with those calculated.'^ 

Another cell d(‘pending on mechanical forces for its electromotive 
force is the following : '* 

Hg, pres, greater than 1 atm.|Hg 2 ^''' solution |Hg, pres. 1 atm. 

The electrode at high pressure was constructed by filling with 
mercury a tube h centimeters long, the lower end of which was 
closed with parchment and placed in the solution. When the 
cell is active, the mercury at the higher pressure goes into solution. 
When one faraday of electricity passes, 200 grams of mercury 
disappear from the top of the column and appear in the electrode 
at atmospheric pressure, which is placed at the level of the lower 
end of the tube. The mechanical work which 200 grams falling 
through a height h can do is 200 h 9.807 10"^ joules, which must 
equal the electrical work EF. Table 19 shows the results of meas- 
urement and calculation. 

* Walker and Dill, Tr. Am. Electroch. Soc. 11, 153 (1907). 

* Ramsey, Phys. Rev. 13, 1 (1901). 

* Tolman, Proc. Am. Acad. 46 , 109 (1911). 

‘ Des Coudres, Wied. Ann. 46 , 292 (1892). 
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Table 19. E.M.F. of the Cell 
Hg high pres.lHga*^ 8alt|Hg 1 atm. 


A IN Cm. 

E M.K. Calc. 

E.M.F. Meas. 

36 

7.2 10-« 

7.4 10-« 

46 

9.3 10-« 

10.5 10-« 

13 

23 10-« 

21 10-« 


Potential Differences at Liquid-Liquid Junctions. — If one 

faraday of electricity is passed across the junction of two solutions 
of diffcH'nt concentratihns of the same uni-univalent salt, from 
the higher to the lower concentration, 1 — rc, equivalent of cations 
moves from the higher to the lower concentration, and n„ equivalent 
of anions in the opposite direction. The work which the two 
could furnish if this were carried out by an osmotic reversible 
process is, 

(1 - na)RT log yp - n^RT log = EF, 

L Ittl C lQ!l 


or 


E = ~ ^ 


RT log 


02^2 


using activities in place of conductance ratios. 


ence this is equation (10). If its value 
ria, this reduces to the equation 


Va + lie 


With this differ- 
is substituted for 


E = 


V e - Ua 

Uc + Ua 


RT log yp- 

CiOfi 


•“ 7 ^ could also be substituted for 
Aa + A, 


rifl. 


( 16 ) 


From this derivation it is evident that the potential difference 
in the liquid junction is due to differences in the migration veloci- 
ties of the ions, or, what amounts to the same thing, to the dif- 
ferent rates at which the ions tend to diffuse. In diffusing from a 
higher concentration to a lower, the more rapidly moving ion passes 
into the dilute solution in advance of the slower ion, and gives this 
solution its charge. Tliis process is quickly retarded by this 
charge, which attracts the more slowly moving ion and repels the 
other, thus equalizing their diffusion. 
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If the ions have different valences, a similar calculation to the 
above gives in place of (16), 


E = 


Ua 

Va 


, ^2 


( 17 ) 


For two solutions of the same concentration of different uni- 
univalent salts, Planck derived the fonnuia, 



v: + v: 


(18) 


The calculation of the potential difference between any solutions 
of any number of univalent ions has also been carried out by 
Planck,^ 

This case can be omitted here, however, for such complicated 
junctions can usually be jivoided by one of the following methods.^ 
If the junction consists of solutions of two different concentrations 
of a heavy metal, in place of using pure water for dissolving the 
salt of the heavy metal, a solution containing a higher concentra- 
tion of an alkali salt with the same anion as th(‘ h(‘avy metal salt 
is used. Then the two adjoining solutions have only a slightly 
different total concentration, and the potential difference is reduced 
to a negligibl(‘ value. Another method is to join the two solutions 
by a salt solution whose ions have nearly the same migration 
velocity, for example, saturated potassium chloride or saturated 
ammonium nitrate. 

Potential differences at liquid junctions can be determined ex- 
perimentally by measuring cells in which the poUmtial differences 
at the electrodes cancel, as in the cell, 


HgiHgaCb solid, 0.1-n.KCl|0.1-n-NaCl, HgzCL solidlHg. 

Another method is to measure two cells, in one of which the 
electrodes are reversible with respect to the cation, in the other 
with respect to the anion : ^ 


Zn|ZnS04 sol. Ci|ZnS04 sol. CzjZn, 


»Wied. Ann. 40 , 561 (1890). See also Henderson, Z. phys. Ch. 59 , 118 
(1907). 

* Bugaraky, Z. anorg. Ch. 14 , 150 (1897) ; Gumming, Tr. Faraday Soc. 2 , 
213 (1906) ; 8, 86 (1912) ; Gumming and Gilchrist, 9 , 174 (1913) ; Bjerrura, Z. 
phys. Ch. 53 , 428 (1905). 

• Cohen and Tombrock, Z. Elektroch. 13, 612 (1907). 
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for which + 

and IlgIHgjSO., ZnSO, sol. C.IZnSO, .sol. C,, Hg 2 S 04 |Hg, 

for which Ej = log + E', from which E' = 

2 F C 2flf2 2 

Care is nocossary in the manner in which tlu^ junction at two 
dissimilar solutions is made, if constant, reproducible values are 
desired. A method that has been used for this is to make the 
contact through a ground-glass stopper.^ A better one is to bring 
the ends of the tubes containing the two liquids one directly above 
the other and then to sufround this junction with a solution of con- 
centration interme- 
diate between the 
two, as in Figure 22. 
The denser liquid 
must be in the lower 
tube. This gives con- 
(j n values for dif- 

Fio. 22. — Method of Making Liquid-Liquid Sclent concentrations 
Junctions OF Constant E.M.F. of the same elec- 

trolyte. ^ Another 

method consists in having the junction constantly renewed by 
a continuous flow of the two liquids.^ 


Table 20. Potential Differences at Junction.s of 0.1 N Solutions 
OF Univalent (’hlohides, at 25“. The Direction of K.M.F. is 
Left to Rkhit 


Electrolytes 

j E M.F IN Millivolts 

Mcasurod 

Calculated 

HCl, KCI 

20. 7S 

28.4 

HCl, NaCl 

33.09 

33.3 

IICl. LiCl 

34.86 

35.8 

HCl, NH^Cl 

28.40 

28.6 

KCI, NaCI 

6.41 I 

4.9 

KCI, NILCl 

2.00 

0.2 


‘ Jones and Hartmann, J. Am. Ch. Soc. 37 , 752 (1915). 

’ Macinnes and Parker, J. Am. Ch. Soe. 37 , 1445 (1915) ; Macinnes and 
Beattie, ibid. 42 , 1117 (1920). 

* Lamb and Larsen, J. Am. Ch. Soc. 42 , 229 (1920). 
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Table 20 contains observed differences of potential using a 
flowing junction, compared with results calculated by formula (18) 
slightly modified.^ 

The agreement is fairly good except where the potassium ion is 
involved. 

Chemical Cells. — Concentration cells, such as those described 
above, have no chemical heat of reaction, except a small heat of 
dilution, and therefore the electricity which they deliver is derived 
from the heat of the surroundings. If th(‘ solutions obey the gas 
law, Q in the Gibbs-Holmholtz equation equals zero and this 
(fR 

equation becomes E = which integrated gives E = kT ; that 
^ . • 

is, the clcjctromotivc force is proportional to the absolute tempera- 
ture. In chemical cells a chemical reaction takes place, which 
furnishes the greater part of the (‘iiergy, and the quantity 
T{dE/dT) is of relatively small importance'. (,1iemical cells have 
much larger electromotive forces than concentration cells, and 
arc the only kind used to furnish electricity for technical purposes. 

It is to be noticed that in chemical cells the substances that 
react on each other are never in direct contact. Thus the reaction 
furnishing the current in the Danicll cell is, 

Zn + CihSO^ - ZnSO., + C^i, 

but zinc is not in contact with copper siilhite ; if it were, no 
external current would be produced. For th(‘ production of an 
external current, the reacting substance's must always hv. separated 
at the two elcedrodes by an intervening electrolyte. This has 
been called chemical action at a distance.*-^ 

Electromotive Force and the Third Law of Thermodynamics. — On account 
of the fact that tiiormnl data arc more numerous than free energy data, it has 
always seemed desiral)le to find a way of calculating free energies (and therefore 
electromotive forces) from thermal data. The third law' of thermodynarnic.s 
has finally made thi.s possible. The thermal data required, however, are more 
extensive than those at present available, and include specific heats in the 
neighborhood of the absolute zero, so that this law has not made the dct.erraina- 
tion of free energies any simpler than to measure them directly. 

The following method of presentation is due to Nemst.’ This law is 

* Macinnes and Yeh, J. Am. Ch. Soc. 43 , 2563 (1921) ; Lewis and Sargent, 
J. Am. Ch. Soc. 31 , 36.3 (1909). 

* Ostwald, Z. phys. Ch. 9 , 540 (1892). 

* Nernst, Theoretische Chemie, 8-10 ed. (1921); Oruridlagen dea Neuen 
Wdrmesatzes (1918) ; Coehn in Miiller-Pouillets Lchrbuch der Phyaik, 10th 
ed. 4 , 559 (1909). 
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based od the observation that for a reaction between a number of pure solid 



or liquid substances, the differ- 
ence l)etween the free energy 
change and the total energy 
change is small. This led to 
the assumption that these two 
quantities are not only equal at 
the absolute zero, but that they 
approach each other asymptoti- 
cally, as shown in Figure 23. 
In this case the following rela- 
tion holds, using Nernst’s nota- 
tion : 


Fig. 23. — Change of AF and AH with 
Tempkratuhb 


/dT\ ^ /dU\ (19) 
\d77r=o \dr/r„o’ 


where A is the free energy change and P the total energy change. It is also 
assumed that specific heats cun be expressed with sufficient accuracy as a 
senes of ascending powers of T in which the exponents are whole numbers. 
Con.scquently the heat of the reaction U is given by the formula, 

f/- + + + (20) 

Substituting this in 


and integrating (with the help of the integrating factor 1/7’’“) gives 

A - f/o + rtT - aTluT - a'D - \ yT\ (21) 

where a is an integration constant. Differentiating (20) and (21) gives, 

= a-f 2/3r + 3 77’^ + -, (22) 


dA 
df ' 


• ahiT -a - 2 (if -I yD, 


(23) 


In order that (19) shall hold it is necessary that lioth a = 0 and u = 0, so that 
(20) and (21) become, 

U - U.A-d'n + t7’3 + (24) 


A = u,-»r- ’-r', ( 25 ) 

and free energy change is cxpresseil in tenns of thermal quantities only. 

The values of ^ and y are determined from the following relation between the 
temperature coefficient of the total energ>' change and the heat capacities of 
the substances before (C|) and after (Cj) the reaction : 

'"y = C, -C, = 2/J7'43-y7’ + -. (26) 

Though, according to Nernst, it is always possible to express specific heat 
SB a series of integral powers of T, resulting in (20), still the more complicates 
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functions of Einstein or Debye are generally used. Two examples are given 
below of the use of the simple formulcT above; cases requiring the more com- 
plicated formula; are beyond the scope of this book. 

(1) This theorem can be applied to the cell, 

Pb|sat. sol. Pblallj solid + Pt, 

l)ecauae saturated solutions are thermodynamically equivalent to solids. The 
reaction which furnishes the current is, 

PI) -b I2 = PbL + 41.850 cal. 

The difference between the heat (‘apacities of the substances before and after 
the reaction at room temperature is O.OOOtil T, mIhcIi by (20) equals 2 /ST, 
neglecting higher i)o\\ers of T. Therefrjre = 0 00081. Substituting this 
value of and T = 280 in (24) gives (U = 41,825, and from (25) 

2EF = A = 41,825 - O.OOOal X 280^, 

whence E = —7 ^ t " 0 0(X> volt as compared with 0.890 measured. 

2 X 90,500 

(2) In the cell, 

Ag AgCllsat. .sol. PbC’lilPb, 

the reaction is, 

PI) -f 2 AgCl - Pl)Cl2 + 2 Ag. 

From thermochenucal data, 

u = 11,904 + 0 01000 r + 0.0000171 r, 

therefore, 

A = ll,t)01 - O.OIO(M) r- - 0.00(K)0S.55 

from which the electromotive force at (P C. is calculatcil as 0.4915 while the 
measured value i.s 0 1912. 

A more conviuiient method of applying the third law has been developed by 
G. N. Lewis and his collal)orators.* Lewis states the third law ns follows: 
“ If the entropy of each element m some crystalline .state be taken as zero 
at the absolute zero of temperature, every other .subsUmce has a finite positive 
entropy, hut at the, absolute zero of temperature the entropy may become zero, and 
does so become in the cme of perfect erystalhne substances,'’ 

Adopting Ix'wis’ notation, the (libbs-llelmholtz equation is expressed as 
follow s : * 

AF = All - TAS, (27) 


where AF i.s the increase in free energy. All is the increase in total energ.v, 
and AS is the increase in entropy of the reaction. By comparing equation 
(27) with 


it is evident that AS 


dAF 

dT' 


* Lewis and Randall, Thermodynamics, p. 435 (1923). 

* Lewis and Gibson, J. Am. Ch. Soc. 39 , 2554 (1917). 
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By means of the third law and by a knowledge of the specific heats at low 
temperatures, it is possible to calculate entropies at room temperature. Values 
of can then be found from equation (27) and from this, electromotive 
forces. 

As an example take the reaction Ag + iHg 2 Cl 2 * AgCl + Hg, which can 
be made to take place reversibly in the cell : * 

AglAgCl, KCl (inolal) jHgiCblHg. 

Here AH = 1275 cal., and AS = 7.80 cal. /deg, calculated by thi* third law. 
Whence by (27) aF = 1275 - 297.8 X 7.80 = - 10.50, and E - 

96,500 

« 0.0455, which agrees with the measured value. 

Another example is the cell : 

IlglflgaClj, 1101(0.1 molal)lCl 2 , 

in which there action is + Cl = jHg 2 Cl 2 , for which AH = - .31, .300 cal,, 
jS 298 HgCl =23.2, <S 298 Hg = 17.8, *S’29S5C32 = 26,.3. Therefore for this re- 
action, AS = 23.2 “ (17.8 -f- 26.3) = — 20.9 cal. per degree, and therefore 
AF » - 31,300 -H 298 X 20.9 = - 25,073 cal. Whence 
25,073 
9fi,«)0 

The measured value is 1.0896.^ 

It is beyond the scope of this work to go into the details of the* calculation of 
entropies by the third law; all that can be done here is to point out that the 
third law makes this calculation i)o.s.sible, and from these entrojiies values of 
electromotive force may be computi'd. 


Single Potential Differences and Their Algebraic Signs. — 

The value of the clcctFolytic solution proasuro is a characteristic 


Normal 


Dropping Hydrogtn Culomtl 

Eleclrodt Eketrodt EUetrode 

L 1 0.282 1 

— 


0.50 ^ 











Fio. 24. — The Relation between 
THB Droppino, the Hydrooen, a.nd 
THB Normal Calo.mel Electrodes 


quantity for each element and a 
table of these might be made, 
as of other natural constants. 
These would be of no use except 
to calculate electromotive forces, 
however, so in place of the elec- 
trolytic solution pressure a 
quantity is calculated known 
as the norimil potential^ the elec- 
trolytic potential, or the ynolcd 
electrode potential. This is the 
potential difference between an 
electrode and a solution in which 


all substances taking part in the reaction are perfect solutes at the 
concentration of one mol per liter (i.e, the activity is molal), or, if 


gaseous, are perfect gases at one atmosphere. 


» Gerke, J. Am. Ch. Soc. 44 , 1703 (1922). 
• Lewis and Gibson, l.c,, p. 2577. 
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Table 21 gives the values of the more important molal potentials 
referred to the molal hydrogen electrode as zero. A cell made from 
a molal hydrogen electrode and a normal calomel electrode has 
a voltage of 0.2822 volt, the calomel electrode being the positive 
pole. Therefore if these values are to b(' referred to the normal 
calomel electrode as + 0.560, 0.278 must be added, h'igure 24 
represents the relation. 


Table 21. Molal Electrode Potentials at 25® C., Referred to Hydro- 
gen AS Zero. The Skjn is That of the Charoe on the Electrode 


Lewis and Randall, Thcnnodynamic^, p. 1311 (1923). 


Li, Li+ 

. - 2.9578 

F(‘. Fe+++ 

. - 0.045 

Rb, Rb-^ 

. - 2.9294 

. . . . 

. 0 

K, K+ 

. - 2.9224 

Cm, 

. 4- 0.3448 

Na, Na+ 

. - 2.7125 

Ilg, . . . . 

. + 0.7986 

Zn, Zn++ 

. - 0.7581 

Ag, Ag+ 

. + 0.7995 

Fc, Fe++ 

. - 0.441 

Pt, (rhomb.) . . 

. - 0.51 

Cd, C(P+ 

. - 0.3976 

Pt, OH- Oi ... . 

. 4- 0.3976 

Tl, Tl^ 

. - 0.3363 

Pi, I- I, (solid) . . 

. 4- 0.6357 

Sn, Sn++ 

. - 0.136 

Pt, Br', Brj (liq.) . . 

. 4- 1.0659 

Pb, Pb++ 

. ~ 0.122 

Pt,CI-, Cl 2 (gas) . . 

. 4- 1.3694 

The following are from LoBlane, Lehrhuch (hr Elektrochemie, p. 

263 (1922). 

Ba, Ba++ 

. - 2.H 

8b, Sl>^^^ .... 

. .4-0.1 

Sr, Sr'+ 

. - 2.7 ' 

Bi, BF'" .... 

. . + 0.2 

Ca, Ca++ 

. - 2.5 

As, As^^^ .... 

. .4-0.3 

Mg, Mg++ 

. - 1..55 

Cu, Cu+ 

. . 4- 0.52 

Mn, Mn+' 

. - 1.0 

Hg,Hg"' .... 

. . 4- 0.86 

Cr, Cr++ 

. - 0.6 

Au, Au+++ .... 
Au, Au+ 

. .4-1.3 

Cr, Cr+++ 

. - 0.5 

. .4-1.5 

Co, Co++ 

Co, Co+++ 

Ni, Ni++ 

. - 0.29 
. -4- 0.4 
. - 0.22 

Pt, F-, Fj (gas) . . 

. .4-1.9 


The following values of the electrode potentials involving the 
manganese ion in its different states of oxidation have been deter- 
mined by Grube and Huberich.^ These values are reduced by 
0.004 volt on account of their use of 0.286 in place of 0.282 volt 
as the difference between the hydrogen and the normal electrodes. 


Potential Formino 
Ions in Ratio 1:1 

Total Mktal 
PER Liter 

IN Graim 

H+ CoNC 

Temp 

Ueoreem 

C. 

Potential R»- 
perred to thb 
H-Elbctrodb 


2.75 

15-n-H2S04 

12 

4-1.607 


2.75 

15.n-H2S04 

12 

4-1.638 

Mn+^Mn^+ 

2.75 

15-n-HjS04 

12 

4- 1.573 


Z. Elektroch. 29 , 17 (1923). 
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The following are mostly from Focrster, Elektrochemie tvdsseriger Losungen, 
p. 217 (1922). 


POTKNTtAL FoUMINO 
Ions in Ratio 1 : 1 

Totai. Metal 

PEH LiThll 

H+orOII-Conc. 

1 POTENITAL 

Referred TO the 
H-Electhodb 


0.36 Sn 

O.G-rt-NaOlI 

- 0.854 


0..')() Sn 

1-a-HCI 

4-0.131 


O.hO Sn 

0..5-n-HCl 

4- 0.158 


0..'>() Sn 

2-«-lICl 

4- 0.138 

Cr++ Cr+++ 

1.7 to2.4Cr 

0.1-n-lICI 

- 0.400» 

y++ y+++ 

0.1 V 

1-71-H2S04 

- 0.204 


0.4.5 Ti 

4-n-II..S04 

4- 0.056 

Fe(CN)«*-,Fe(CN)«»^ 

o.ai I’o 


4- 0.406 

Fe++ Fe"+‘ 

0.1 F(! us siilfulo 

f weakly 

4- 0.663 


0. 1 F(‘ as chloride 

\ acid 

4- 0.714 

X1+++ 

0.05 to 0.01-n 

Tl as sulfate 

1.96 to 0 . 1 -n-H 2 S 04 

4- 1.2113 

C()»+, Cc^"- 

O.lXiO Ce 

,50 percent Iv.COj 

4- 0.063 

Co++ Co* 

0.2 Co 

2-U-Il2S()4 

4- 1.76 


• Forbea aiul UichttT, J Am Ch Soc 39, 1 HO (11)17) 


The following are from the J. Am. Ch. Soe. 46, 377 (1923) by Smith and 
Swift. 


BiiBiO^ 4- H+, 4- 0.318 to 4- 0.314. 
BilBi(()H)+" 4- 4- 0.310 to -|- 0.298. 

The relation between E and E'" is as follows : 

Equation (3) can be written, 


RT, P RT, P RT, P RT, ^ 


= E° 


RT 


lo{.' C, 


(28) 


where E° is the molal potential, k is a constant, and C is the ion 
concentration, or th(‘ activity, if the solute is not perfect. 

It is necessary to indicate also the direction of ixitential dif- 
ferences at electrodes. This is done by prefixing a positive or a 
negative sign. Equation (28) gives the correct sign if this indicates 
the sign of the charge on the solution surrounding the electrode, 
and this convention is often used. It has the disadvantage that 
in a voltaic cell the more positive electrode is the negative pole. 
Therefore the reverse will be used here ; that is, the sign is that of 
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the charge on the electrode, and to meet this convention (28) must 
be written, 

jyrp 

E = E" + - / log (7. (29) 

F 

Thus for copper in molal cupric ions, E° = + 0.345, and if C > 1, 
(29) shows E > E°, which is correct. For zinc, E° = — 0.758, 
and the equation shows that if C > 1, E is numerically less than 
E°, as it is in fact. According to this notation, a more positive 
potential means one more noble, or more like gold. 

Electrodes Involving More Than One Ion. — When^ the electrode 
reaction involves only on(‘ kind of ion, the formula connecting 
potential difTerence and ion-concentration* is easily deduced from 
the Nernst equation as just shown, but for more complicated 
electrode reactions the general method of finding the expression 
for the free energy decrease of the reaction is necessary. The 
free energy content F of a system is so defined that its relation 
to the work content W is given by the equation, 

F = F + pv. 

Therefore in passing from the state 1 to the state 2 the decrease 
in free energy is,’ 

- AF = Fi - F2 = Wi “ F2 - (P2V2 - PiVi) 

= Wi- W2 - A(pv), 

The decrease of free energy of a reaction is found as follows. 
Suppose a reaction takes place between a mols of A, 6 mols of B, 
etc., at concentrations C^, Cn, etc., to form c mols of E, f mols of F , 
etc., at the concentrations etc., mols per liter. These are 

supposed to be in solution and all perfect .solutes. The reaction 
is represented by the equation, 

aA + hB + ... - cF-b/Fd- .... 

In order to have it furnish the maximum amount of work, which is 
the free energy decrease, the reaction mu.st take place isothcrmally 
and reversibly. This can be done as follows. Ijct M in Figure 25 
represent a chamber containing the substances in solution at the 
equilibrium concentrations representc'd by (A), (B), etc. The 
initial concentrations of the substances which disappear and the 
final concentrations of those which appear are represented by C’s 

* Noyes and Sherrill, Chemical Principles, p. 227 (1922) ; Lewis, J. Am, Ch. 
Soc. 35, 14 (1913). 
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with subscripts. Connected to this chamber are as many cylinders 
as there are substances in the reaction, and each cylinder has a 

frictionless piston which 
is semipermeable to the 
solvent but not to the 
solute. The cylinders 
can be separated from 
the reaction chamber by 
an impervious partition 
or by a membrane per- 
meable only to the solute 
of the cylinder in ques- 
tion. Now start with a 
mols of A, h mols of B, 
etc,, in their respective cylinders, with the impervious partitions 
in place, and allow the concentrations to change reversibly by 
the proper motion of the pistons to the equilibrium concen- 
trations. The work done by a mols of A is 

a/jr log 


Equilibrium Mixture qf 
A, B. E and F 


Fia. 25. — Reaction Chamber 


and similar expressions for the other substances on the left. Now 
replace the impervious by the semipermeable membrane and force 
these substances into the reaction chamber. This involves no 
work. At the same time the substances on the left of the equa- 
tion are forced in the chamber, those on the right are withdrawn 
so the concentrations in the chamber are not changed. Then in 
the cylinders containing the products of the reaction the semiper- 
raeable membranes are replaced by impervious walls and the con- 
centrations are allowed to change reversibly from equilibrium to 
final concentrations. The work done by e mols of E is, 


RT\og 


(W) 


and similar expressions apply to the other products. The total 
work done by the reaction is therefore, 


- ^F ^ RTl log 


= rt(\ 


( gO(FO 

(A‘KB») 


- log 


Cici 




log K - log 


Cl Ci ... 


( 30 ) 
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where K is the equilibrium constant. If the initial and final con- 
centrations are 1, then, 


-AF = RT log K. 

(31) 

Exactly the same equations apply to gases, for which partial 
pressures are generally used in place of activities or concentrations. 

If the reaction takes place in a cell, then — AF = vEFy and 
equation (30) becomes, 


(32) 

or if the initial and final concentrations arc all 1, 


RT ’ 

logic. 

(33) 

Equation (30) also applies to the electrode reaction, 


aA-\-hB + ... + ^ eE + fF 

(34) 

By definition E = when = Cg ... - Cg - Cy ... 

= ]. 

Therefore E = E^ - log • 

(35) 


To moot the requirement of the arbitrary convention adopted 
regarding signs, this must lx* changed to read, 

+ (36) 

Vt ^ li ••• 


which applies to any electrode potential, if the equation is written 
according to (34). 

Thus for the hydrogen electrode, 

H 2 + 2 F = 2 H+ 
and 

E = E° + log C„. - H log p„„ (37) 

where pn, is the pressure of hydrogen gas in atmospheres. 

It has been found that the electrode potentials of the hydrogen 
electrode agrees with the calculated values within the experimental 
error up to 100 atmospheres, and with slight deviations up to 400 
atmospheres.' 

' Hainaworth and Marinnes, J. Am. Ch. »Soc. 44 , 1021 (1922). 



92 THEORETICAL AND APPLIED ELECTROCHEMISTRY 


For chlorino, 


therefore, 


2CI- + 2F = (U 


RT RT 


and for the lead peroxide electrode, 

Pb02— -f 2 F = Pb02 solid, 

E = E°- 


(38) 


(39) 


The electrodes made* from chlorine and hydrogen are reversible. 
Oxygen, however, does not give as high a voltage as it should. 
(See page 104.) Its value is also sensitive to light and to X-rays. 
The violet end of the s[x‘ctrum lowers its eh'ctnxh' potential, while 
infra-red radiations raise it ; that is, makes th(' hydrogen-oxygen 
cell have a higher electromotive force.' 

The reaction taking place at the oxygen electrode may be either 
or both of the reactions, 

2 O'- + 4 F = O 2 or 4 OH" -f 4 F = 2 IIoO + O 2 . (40) 

If the eiiuilibrium reaction between 0 " and Oil “, 

2 0— + 21120 = 4 011- (41) 

takes place instantly, it makes no difference which one is used. 
Since the activities are known for Oil" ions but not for 0--, it is 
more convenient to u.se the second reaction. The formula for the 
oxygen electrode potential would then be, 

RT RT 

E = log Con- + log Vo.- (42) 


A different type of electrode are tho.se in which an ion changes 
its state of oxidation. For example, wlum platinum dips in a 
solution of cupric and cuprous ions, the current causes the ions to 
change from one state to the other : 


or for iron, 


Cu+ + F = Cu++, 


Fe+'- + F = Fe+-H-. 


‘ H 0 .SO, Z. Kick. 7 , 672 (1901) ; Kochaii, ibui. 9 , 33, 61, 79 (1903). 
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Substituting in (36), the following equation holds for copper, 


Ecu — Ecu + 





and a similar one for iron. 


The relation between the molal ('leelrode potentials of, 

(1) El for Cu 4- 1 F = ('u^ 

(2) E?for C’li -f 2F = 

(3) E?forCu+ + F = C'u+^ 

can be found by noticing that if the following cells are constructed, 
Cu|Cu++ niolal|Cu+ molal|(Ui, 

molal|C'u++ molaljCu, 

|('u++ ' ' ’ 

the reaction in both is the same; 2 Cu"^ — (^u++ 4- Cn, with the 
passage of 1 F in each cjise, as can be shown by adding th(‘ reactions 
that take place at the (‘l(H‘trod(‘s when the cur?*ent passes. Since 
the same reaction takes place in (*ach c(‘ll, at the sam(‘ concentra- 
tions, the free energy decimses must lx* ecjual ; th('reforc, 

F(E? - E?) - - EJ), 

which giv(‘s,* £0 _j_ £o 

E“= ■ 


The general solution can be found from the fact that if the metal 
is oxidized directly to the high valence*, whose* value is denoted 
by h, the free-energy change must be the* same* as if it is first e)xidized 
to the low valence, I, and then from this te) the high. That is, 


whence 


EViF = E?/F 4- {h - /)EJF, 

0 ^ 


(43) 


The general expression for the electrode potential of this kind of 


electrode is. 


RT 


(M'+) 




(44) 


which is a si^ecial case of equation (36). 

It is to be noticed that the molal edectrode potential corresponding 
to oxidation from the lowest to the highest state always lies lx* tween 
those corresponding to oxidation from the lowest to the middle 

^ Luther, Z. phys. Ch. 34 , 488 (1900) ; 36 , 385 (1901). 
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state and from the middle to the highest. The order, however, 
cannot be predicted. In the case of iron, reference to the table 
of molal potentials shows these potentials to be increasingly positive 
in the order E?, E?, Ej, while for copper they are more positive 
jn the order ES, E?, E?. 

A reaction such as, 

Cr^+ -f 4 H 2 O + 3 F = CrOr- + 8 H+ 
belongs to this same class, for the reaction is essentially 
Cr3+ -f 3 F = Cr«+, 

but its potential cannot be expressed in terms of Cr®+ because 
the concentration of these ions is not known. It would therefore 
be written, p't* n 

E = E° + ,f^;iog%fl^M:. (45) 

6 t tcr» ++ 

The potential corresponding to this reaction, and of other similar 
ones is difficult to measure because of the slowness with which 
equilibrium at the electrode is reached. In some cases such 
potentials can be rneasun'd by adding small amounts of some un- 
polarizable substance which exists in two states of oxidation, 
such as ferrous and ferric ions. The reaction to be measured 
causes these to take in the solution a concemt ration ratio which 
gives the same potential as the reaction, and as these substances 
readily come to equilibrium with the electrode', they make the 
measurement of such potentials possible. Such substances may 
be called “ potential catalyzers.” ^ 

Methods of Determining Absolute Electrode Potentials. — 
Since electrode potential differences can be measured only in pairs, 
in order to deduce values for single electrodes it is evidently neces- 
sary (1) to have at least one electrode for which the electrode poten- 
tial is known, or (2) to assume some value arbitrarily for one elec- 
trode and refer all others to this. As a zero electrode potential has 
no theoretical significance, such as the absolute zero on the tem- 
perature scale has, it is of no great importance which is done. 

There are three methods of constructing electrodes with electrode 
potentials theoretically equal to zero, but since they do not agree 
among themselves, they are no longer much used as standards, 
but the molal hydrogen electrode is arbitrarily placed equal to zero. 

These three methods of making electrodes with zero electrode 
potentials consist in (1) charging a mercury surface in contact 

‘ Luther, Z. Elektroch. 13, 289 (1907). 
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with dilute sulfuric acid until the surface tension is a maximum, 
(2) in allowing a stream of mercury to flow into a solution contain- 
ing very few mercury ions, until the potential tlifference l)etween 
the mercury and the solution is zero, and (8) by observing the 
motion of a particle of metal suspended in a solution of ions of 
the metal when a current passes through the solution. If the 
particle is positively charged, the positive charge will l)e attracted 
to the cathode and the negative charge on the double layer of 
the liquid will tend to move in the opposite direction. A motion of 
the particle toward the cathode should therefore result. If the 
polarity of the double layer is reversed, the motion should be 
reversed also. If there is no difference in pot(*ntial, there is no 
charge and there should be no motion.* The concentration of 
the ions of the metal is thenffore changed until the isoelectric point, 
at which there is no potential diffenuice, is reached, as shown by 
the absence of motion, and it is then assumed that in this solution 
the electrode potential of the metal in question is zero. 

(1) The surface-tension method dejxmds on the work of Lipp- 
mann,* who found that the surface tension of a surface of mercury 
in contact with dilute sulfuric acid is a continuous function of the 
electromotive force of polarization on the same surface. The 
way this fact is used to 
determine single poten- 
tials is the following. A 
tube filled with mercury 
ending in a fine capillary 
dips in a solution with a 
very small mercury ion 
concentration, say po- 
tassium chloride satu- 
rated with mercurous 
chloride. At the bot- 
tom of the dish holding 
the solution is a layer 
of mercury. The sur- 
face tension of the mer- 
cury in the capillary 
prevents it from running out. By raising the bulb A in Figure 
26 the pressure is increased until a little mercury is forced out of 
the capillary ; the bulb is then lowered so that the mercury rises 
and draws the solution in the capillary. The difference in poten- 
1 Pogg. Ann. 149 , 646 (1873). 



Fio. 26. — Lippmann Capillary Elkctrometer 
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tial between ca(!h mercury surface and the solution is the same ; 
both are positively charged. This charge on the mercury as well 
as that on the solution repels itself and opposes the surface tension. 
Suppose now that a small electromotive force is applied in the di- 
rection to deposit nKTcury ions on the mercury in the capillary. 
This will dilute the solution around the mercury surface, and there 
will bo a smaller charge on the mercury surface to keep the balance 
with the smaller osmotic pressure of the remaining mercury ions ; 
that is, the potential difference b(‘twoen the mercury and the solu- 
tion will be l(‘ss. A smaller charge means an increase in the sur- 
face tension, since the charge reix'ls itself and therefore counteracts 
surface tension, and the height of the mercury column will have to 

be increased to keep the 
meniscus in the capil- 
lary at the same posi- 
tion, which is observed 
in a small telescope. It 
is found that the height 
of the mercury column 
necessary to keep the 
meniscus in its position 
increases with the ap- 
plied electromotive 
force to a maximum 
and then decreases. 
This maximum surface 
tension evidently cor- 
responds to zero dif- 
ference in potential at 
the mercury surface 
in the capillary. Now 
the important point 
is that the poten- 
tial difference at the 
lower electrode is not 
changed by the applied 

Fio. 27 . — Thr Relation between Potential ^^^ctromotive force, be- 
ANi) SruFAi'E Ten.'^ion OF A Mf.rcury Si rface causc the current is too 

small to change the con- 
centration of mercury ions when distributed over such a large sur- 
face. Therefore at the maximum surface tension the applied elec- 
tromotive force is equal and opposite to the potential difference at 
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the lower electrode, and is therefore equal to the potential differ- 
ence which a mercury surface assumes in the solution used. 

Figure 27 shows the results obtained with normal hydrochloric 
acid saturated with calomel.^ The average maximum of the 
curves comes at 4- 0.560 volt, and the same would l)e found 
with normal potassium chloride. Then'fore by combining the 
normal calomel electrode, IfgIHgoCb, n-K('l, with any other elec- 
trode and measuring the resulting cell, the other electrode po- 
tential can be found. 

(2) The dropping-electrode method of determining single 
electrode potential difference's deixmds on the fact first stated by 
Helmholtz, that an insulated mass of mercury dropping into an 
electrolyte can have no difference of potenliid with the electrolyte. 
This is explained as follows. If mercury streams from a small 
point into a solution of potassium chloride saturated with mercu- 
rous chloride, as shown in 
Figure 28, at first each drop 
has mercury ions d(;posited 
on its .surface, giving it a 
positive charge, surrounded 
with an equal negative 
charge in the solution. 

When the drop reaidies the 
lower layer of mercury, it 
gives its charge to this 
layer, which gets rid of it 
by sending mercury ions 
into solution. These react 
with the chlorine ions car- 
ried down and form solid 
mercury chloride. The so- 
lution around the dropping Fio. 28. — The Duoppino Electrode 
electrode will thus become 

more and more dilute until the concentration is reached at 
which mercury ions are not depo.sitcd on the drops, and then the 
potential difference is zero. Therefore the electromotive force 
of the cell consisting of the dropping electrode and the lower 
electrode gives the potential difference, at the low'er electrode. 
In this way the normal calomel electrode was found to have a 
potential difference of 0.56 volt.^ 

‘ Rothmund, Z. phys. Ch. 16 , I (1894). 

* Paachen, Wied, Ann. 41 , 42 and 80 (1891) ; 43 , 568 (1891). 
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Diffusion causes difficulty in carrying out these measurements. 
This can be avoided if a solution is used which has just the con- 
centration of mercury ions which gives zero difference of potential. 
By adding potassium cyanide the mercury ions can be made so 
dilute that the direction of the electric current between the two 
electrodes is reversed, and a concentration can be found at which 
there is no current. Therefore if a cell is made with rnercuiy in 
contact with this zero solution for one electrode and the normal 
calomel electrode the other, the electromotive force of the cell is 
the potential difference at the calomel electrode. In this way the 
value for the tenth-normal electrode Hg|Hg 2 Cl 2 , 0.1-n-KCI was 
found to be 0.572,* whjje the surface-tension method gives 0.016. 
According to W. ('. McCL Lewis ^ the dropping-electrode method 
is not accurate because the concentration change is said not to be 
due entirely to the relative values of osmotic and electrolytic 
solution pressures, but more largely to adsorption by capillarity. 

(3) The third method was first used by Billiter (formerly 
Billitzer).^ He used three modifications of the method : (a) the 
deflection of a minute ball fused at the end of a fine wire and 
suspended in the electrolyte by a quartz fiber was noteil ; (b) the 
direction of migration of colloidal metallic suspensions was noted ; 
and (c) the potential difference at the ends of a tube of the electro- 
lyte when a metallic sus|x*nsion is allowed to fall through the 
electrolyte was noted. Billiter got consistent results by all thrcie 
methods, — 0.125 volt for the O.l-n calomel electrode, which is 0.7 
volt different from that given by the first two methods. This 
work was repeated as nearly according to the directions given by 
Billiter as was possible by CJoodwin and Sosman “* without con- 
firmation of rnetiiods a and h and by Whitney and Blake ^ without 
confirming method c. The same principle somewhat changed in 
detail has been used again recently by (larrison,® who finds 
Billiter’s results confirmed ; that is, he finds the absolute potential 
of the 0.1-n calomel electrode lies between — 0.1 and — 0.02 volt. 
Further work will evidently be necessary to settle this point. 

Standard Electrodes. — The most commonly used standard 
electrode is the normal calomel electrode, Hg|Hg 2 Cl 2 , ^?-KCl sol. 

* Pahnaer, Z. Elektroch. 9, 754 (1903). 

* Z. phys. Ch. 78, 146 (1910). 

>Z. phys. Ch. 48, 513 (1904); 61, 166 (1905); Ann. der Phys. 11, 902, 
927 (1903), Z. Elektroch. 8, 638 (1902). 

« Tr. Am. Elc(‘troch. Soc. 7, 83 (1905). 

* J. Am. Ch. Soc. 26, 1378 (1904). 

* J. Am. Ch. Soc. 46, 37 (1923). 
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Its potential difference is taken either as + 0.560 absolute or as 
4“ 0.2822 referred to the molal hydrogen electrode as zero.* 

The molal hydrogen electrode, consisting of hydrogen at atmos- 
pheric pressure against a solution of hydrogen at unit activity, 
is taken as zero at all temperatures. This is not identical with 
the hydrogen electrode adopted by Abegg, Auerbach, and Luther* 
in their bibliography of electromotive force data. They use a 
solution containing one gram atom of hydrogen ion per liter as 
determined by the conductance ratio, but unit hydrogen ion 
concentrations so determined have different activities for dif- 
ferent acids. Thus the standard so defined gives potential dif- 
fering by 0.03 volt when hydrochloric aiu^ sulfuric acids are used. 

The following are some standard reference electrodes, at 25° C. 
referred to the molal hydrogen electrode. 

From the electromotive force of the cell,^ 

H 2 IHCI 0.1 M, IlgadsIHg = 0.3989 ± 0.0001 volt = Ei, 

the tenth-normal calomel electrode, IIg|iV M KCl Hg 2 Cl 2 , can be 
calculated as follows The double cell, 

El E 

HjjHCl 0.1 M, Hg/'UlHg I IlgjCI., nci act. 1|H,, 
would have the electromotive force : 


r ( i( 


lai 


E 2 = El log Ciai = 0.3989 - 2 X .05910 X log 0.0814, 


or since €2012 is assumed = 1, 
2HT 

"f 


since the square root of the ])r()duct of the activities of hydrogen 
and chlorine ions in 0.1 molar .solution is 0.814. (See Table 17.) 
Therefore, 

E 2 = 0.2700 volt for the e.m.f. of the cell, 

Pt, H 2 IH+, V\~ act. = 1, HgiCLiHg, 

which is the potential difference of the calomel electrode in hydro- 
chloric acid whose ions have unit activity. 


' Lewis and Randall, Thermodynamics, p. 407 (1923). 

* Abhandlungen der deutschen Bunsen Gesellschaft, No. 5 (1911) ; Lewis and 
Randall, Thermodynamics, p, 404 (1923). 

* Lewis, Brighton, and Sebastian, J. Am. Soc. 39 , 2245 (1917). 

* Lewis and Randall, Thermodynamics, p. 405 (1923). 



100 THEORETICAL AND APPLIED ELECTROCHEMISTRY 


Therefore the electrode HK|Hg 2 Cl 2 , H+, Cl“ (act. = 1) = 0.2700 
volt. To find the electrode potential of the tenth-normal electrode : 
Hgllfea, rVMKCl, 

imagine the cell, 

Hg|Hg 2 Cl 2 , tV MKC1IH+ Cl- (act. = 1), Hg 2 Cl 2 |Hg, 

constructed with elimination of the potential at the liquid junction. 
Then the e.m.f. of this cell, 


0.2700 = /eriog 


1 


' act. Cl- in rV M KCl 
From Table 18 the activity of (’1~ in jV M K('1 = .0794. 
Therefore x = 0.2700’- 0.05916 log 0.0794 = 0.3351 volt. 
These and other working electrodes are given in Table 22. 


Table 22. Electrode Pote.vtiaLvS of Reference Electrodes Referred 
TO THE Mol\l Hydrogen Electrode as Zeeio, 

Lewis and Randall, l.c.y p. 400. 


HgIHgjCb, ri-KCI, 0. i + 0.2822 

HglHgjCli, 0.1-n-K(’l -I- 0.3351 

AgjAgCl, (^1- act. = I + 0.221.5 

HgIHgzSOi, SOr" act. ^1 -f 0.0213 

Pt|Ha,OH'aet. = 1 - 0.8280 

Hg|IIgO,On-aet. = 1 + 0.0984' 


In using the hydrogen electrode in the laboratory as a working 
electrode it is not necessary to have the hydrogen ions with molal 
activity equal unity. Normal hydrochloric acid, for example, 
could be used and th(* results calculated to exactly molal activity. 
In using any gas eletdrode, the barometric pressure must l>e read 
and the vapor pressure of the solution must be taken into account 
in reducing the partial pressure of the gas to one atmosphere. 

Determination of Single Potentials. — In using a standard 
electrode it is always necessary to know the direction in which the 
current flows through the cell, in order to find the potential differ- 
ence of the other electrode. If the cell is written down and arrows 
drawn to show the direction of the current through it and the 
direction in which the standard electrode tends to send the current, 
it is evident at once whether the two values have to be subtracted 
or added to give the value of the unknown. If the sign is that of 
the charge on the electrode, the formula, 

®cdl — 1^+polo E-pole> (46) 

* Including the [K)tTntial difference at the liquid junction, Lewis and Randall, 
J. Am. Ch. Soc. 36, 1969 (1914). 
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gives the correct sign and numerical value, when any two of the 
three quantities are known. Of coui^e the liquid potential dif- 
ferences must be allowed for if large enough to affect the result. 

For example, if it is desired to find the single potential difference 
of copper dipping in normal copper sulfate, the cell. 


N.E.jAi-CuS 04 |Cu 
.0560 


^0.0322 


would be measured. As indicated, the (‘ell has the electromotive 
force 0.0322 volt, and copper is the positive pcde. Since the 
potential difference of the normal electrode' is in the opposite 
direction from that of the cell, evidently tfie copjx'r electrode has 
a potential difference 0.592 volt larger than the normal (dectrode 
and the sign is positive. 

Problem 1. Find th(’ single potential differences of the unknown 
electrodes in the following cells, all written with th(‘ positive pole to 

the right. ^ - 

Cell e.m.f. 

Pt + H2|0.02-n-HCl, 0.5-n.KCl|0.5-/i-KCl, HgaCffalHg, 0.407. 

1 


Pt + Ha, 1 atm.|0.03-n-H2S04|0.1-M-KCl, HgaCblHg 0.434. 
Electromotive Force and Chemical Equilibrium. -- The formulas 
derived above make it possible to calculate thc' electromotive 
forces of voltaic cells from the equilibrium of tlu' ivaetion furnish- 
ing the current, and conversely the equilibrium can Ix' calculated 
from electromotive force ; for if the reaction for which (31) was 
deduced takes place in a voltaic cell, 

- AF = vEF = RT Ion, K. (47) 

Suppose the cell is considered to have th(i substances at equi- 
librium concentrations ; there is then no tendency for the reaction 
to proceed and the electromotive force is zero. Thiai if E? is 
the molal potential of the positive pole and E? that of the nc^gative 
pole, 


o , RT (E',W{') 


u I RT, (E?)(F{1) 


which gives, 

E? 


E? = 


^ iE?){F(;) ... (AV)(B'f) 

... {E\'m) 


(48) 


^ See Abhandlungen der deutschen Bunsen Gesellschaft, No. 5 (1911). 
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Since the term followinf^ the logarithm is the equilibrium constant 
of the whole reaction, (48) is the same as (47). 

In substituting in (48), the reactions both at the anode and 
cathode are written as in (34), and the cathode reaction is sub- 
tracted from the anode reaction. 

The following examples illustrate the use of these formulae. 
(1) It is desired to find the electromotive force of the cell, 

Sn (solid) I Sn^'*' molal sol.|Pb++ molal sol.lPh (.solid). 


= 2.98 ± 0.02, 


On shaking metallic lead and tin in a solution of the perchlorates 
of these metals it is found that, 

S^(C104)j 
Ph(C104)2 

and assuming the ionizations of the two salts equaV 
Sn'^'*' 
pb- = 

The fact that at equilibrium tin is the more concentrated ion 
shows tin is the negative pole of the cell. Substituting in (48), 

RT Sn++ 

Epb - Esn = 2 F Pb^+ “ ® 


Problem 2. Calculate the concentration of zinc to copper ions 
in a Danicll cell for which the electromotive force is zero. 


Zn++ 

= 10». 


NoTK. — It is possible by uddinR .some salt forming a complex ion with 
copper, to reduce the concentration of copper ions so greatly that this cell 
even reverses its polarity, and the question is whether such small concentration.s 
a.s here c.alculated can really determine the potential difference. If the zinc 
solution is molal with re.spect to zinc ions, then the (topper solution would be 
10“® molal, or one gram-mol in 10® liters. Taking the Avogadro number 
roughly as 10-*, it is evident there would be only one ion to every 10’^ 
liters, so that in the small quantity of solution used to determine potential 
differences there would be no copper ions. Ostwald attempted to overcome 
this difficulty by assuming that ions do not exist continuously as ions, but 
change back and forth from the ionized to the un-ionized state, and that these 
small numbers represent the fractional part of the time during which a given 
atom exists as an ion. Haber ’ showed, however, that this idea leads to the 
result that the transfer of the electric charge from ion to neutral molecule must 
proceed with a velocity about a million times as great as the propagation of an 

» Noyes and Toabe, J. Am. Ch. Soc. 39, 1537 (1917). 

*Z. Elektroch. 10, 433 (1904). 
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electric impulse, which is the same as the velocity of light, and therefore 
this explanation is also impossible. The calculation shows that ions in con- 
centrations down to about 10“*^ can actually determine electrode potentials, 
for at this concentration the volume too small to contain a single ion would be 
microscopic. Haber therefore concludes that, for example, in a silver cyanide 
solution a silver electrode ])otential corresjionds to the reaction, 

Ag 4- 3 CN- + F = Ag(C^N)^ ’ 


and the electromotive force is given by the equation, 

^^Ag((;N)r) 
(CN- 

in place of 


and 


Ag + F = Ag^ 

E = E" + RT log tAg*-)' 


These small values mav be considered the concentrations which would give 
the measured potentiafdifTereni^es if they actually determined these values. 

(2) The dissociation pressure of chlorine in lead chloride can be 
found by measuring the electromotive force of the cell, 

PblPbCU, sat. sol.lClo (1 atm.). 

This gives the free-energy decrease of formation of one mol of lead 
chloride. The formation can also take place reversibly by allow- 
ing the chlorine to expand until its pressun* equals that of chlorine 
in lead chloride ; then lead and chlorine unite without any further 
change in free energy. Therefore, 

2EF = RTIok", 

V 

where p is the equilibrium pressure. This can also be obtained by 
substituting in (31). From E = 1.63, log p = - " 56, 


and p = 10 atm. 

(3) The electromotive force of the cell, 

H 2 , 1 atm.lHjOlOa, 1 atm., 

has been calculated from the dissociation of saturated water vapor 
at room temperature. This di.ssociation is calculated from me^- 
urements at higher temperatures. In this cell the reaction is, 

2 H 2 + O 2 = 2 H 2 O, 
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where the parentheses mean equilibrium pressures, 
in (32) j?ives, 



lOR 


(H2)no2)^ 


- log 


p iuo 
Pk Pot 


But pii,() = (H 2 O), and pn, = Po, = 1 atm. 


Therefore, 


RT 1 
4'F ^^(H2)‘^(02)’ 


Substituting 


Substituting in (H 2 ) = 3.34 and (Oj) = 1.67 10~^® atmos- 
phere, ‘ 

E = 0.0144 log 5.35 = 1.235 volt. 

Nearly the same value'has Ix'on calculated for this cell by Lewis ^ 
and by Bronsted ^ by indirect methods. If the electromotive 
force of the cell is measured directly, only 1.08 to 1.15 volts are 
found. It is therefore evident that the true eh'ctroiiiotive force of 
this cell has never been observed directly. It is probable that the 
oxygen electrode gives the potential of some oxide of platinum in 
place of that of pure oxygen. 

(4) Electromotive force measurements are an important method 
of determining transition points. For example, ZnS()4.7H20 
has a transition point at 39° ; if heated above this, the reaction, 


ZnS04 • 7 H 2 O 

takes place from left to right. 
ZnlZnS()4 


: ZnS04 • 6 H 2 O -f II 2 O, 

Suppose a cell is made as follows : 
7Il20ZnS04 -GHoOlZn. 

|sat. sol. + sat. sol. -f 

crystals crystals | 


Below 39° the current in the cell must go in the direction to use up 
hexahydrate and form heptahydrate ; that is, it must flow in the 
cell from left to right as it is written. Above 39°, the current is 
reversed. The transition point, where the two hydrates are in 
equilibrium, is where the current is zero.^ 

(5) Another example is the transition point from ordinary tin 
to gray tin. If the cell,-'* 

White TinlSol. of Tin Salt|Gray Tin, 
is measured bedow 20°, the current in the cell is from left to right ; 


' Nernst, Theoretischc Chemic, 8-10 cd. p. 829 (1921). 

Z. phys. (’h. 56 , 449 (1900). 

» Z. phys. Ch. 66, v84 (1909). 

* Findlay, The Phase Rule atid Its Applications, p. 300 (1904). 
« Cohen,* Z. phys. Ch. 30 , 623 (1899). 
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above 20°, from right to left. This is therefore the transition point 
for white and gray tin. 

Electrode Potentials in Fused Electrolytes. — It is found that 
the electromotive forces of cells of the type, 


Ag| 


lAgNOs in NaNO; 


Cl 


j AgNOa in NaNO; 
C2 


|Ag, 


agree with the Nernst formula when the silver nitrate did not 
exceed a concentration of half normal.* In coinputing these cells 
it was assumed that the ratio of the concemtrations of silver ions 
is the same as that of silver nitrate, from the following consider- 
ations: the mass action law for the dissociation of silver nitrate 

= constant. 


(AgNOa) 


In dilute solutions the NO 3 ions resulting from the dissociation of 
silver nitrate are negligible with r(‘sfx‘ct to those* from the solvent, 
therefore (NO3) = constant, and 


_(Ag)_ 

(AgNOa) 


(Ag)__ 

(Ag) + (AgNO's) 


constant. 


Since (Ag) -f (AgNO.i) = C, the total concentration of the salt, 
the above assumption that 

(Ag)j ^ r, 

(Ag)2 C 2 


is reached. Table 23 gives some of the results. 


Table 23. Electromotive Force.s of (T:lls of the Type 


Ag ArNOj in NaNOs AgNOa in NaXOJAg 
(\ (\ 1 


Equival>;nt CoNf’ of 
AgNO AT 400* C 

TEMPERATrRE 

1 

E Obhfrvkd 

- iiT r, 

E.-y-bg^ 

DirpERKNCE 

Cl 

c, 

0.00986 

0.06206 

350 

- 0.1014 

~ 0.0896 

+ 0.0028 

0.00986 

0.1220 

337 

- o.i:t35 

- 0.1.320 

+ 0.0015 

0.06206 

0.1220 

.349 

- 0 . 0:170 

- 0.0362 

-f 0.0008 

0.5.')6r) 

0.00986 

340 

+ 0.2094 

-1- 0.21.30 ! 

- 0.0036 


^ Goodwin and Wentworth, Phy.sical Revue, 24, 77 (1907). 
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These results indicate also that the mass action law applies to 
the dissociation of fused salts in much higher concentrations 
than in aqueous solutions J 

Sackur also finds that the laws of dilute solutions apply to the 
electromotive force of concentration cells up to normal concen- 
tration with an accuracy of one percent, both for the dissociated 
and for the undissociatcd parts.^ 
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‘ See alHo Lorenz' Elektrolyse Geschmolzener Salze (1906). 

* Z. phys. Ch. 83, 290 (1913). 



CHAPTER VI 


POLARIZATION AND ELECTROLYSIS 


The principal subject of the preceding chapter was the inherent 
potential differences that exist between electrode and solution 
when only an infinitesimal current is flowing. The present 
chapter will discuss the closely related sul^ects of potential dif- 
ferences at electrodes through which an appreciable current is 
flowing, impressed from an external source, and the products of 
electrolysis. 

In the cyclical process used in the derivation of the Nernst 
equation. 



a current is supposed to pass across the boundary between the 
electrode and solution, first in one direction, and then in the other. 
This equation should therefore be indeiKmdent of the direction in 
which the current flows; the only condition imposed is that the 
process should be reversible ; that is, the current is supposed so 
small that no appreciable change takes place in or around the 
electrode. Thus the electromotive force of a Danicll cell is the 
same, whether a minute current is taken from it as a voltaic cell, 
or if such a current is sent through it in the opposite direction 
as an electrolytic cell. 

The fact that, as was to l>e expected, the Nernst equation does 
apply to electrolytic cells for small currents was shown experi- 
mentally by L(' Blanc. ^ 

When, however, an appreciable current is passing across the 
boundary between electrode and solution, the value of the potential 
difference between the two is changed from its equilibrium value 
given by the Nernst equation. The difference between these two 
values is called polarization. Complete or i)artial removal of this 
difference is called depolarization, and any agent which produces 
depolarization is called a depolarizer. The verb polarize is used 

‘ Z. phvs. Ch. 8, 299 (1891) ; 12, 333 (1893). 
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in the sense of applying an external electromotive force to an elec- 
trode or electrolytic cell. 

Concentration Polarization. — One cause of polarization that 
at once suggests itself is the change in concentration that takes 
place on electrolysis. Suppose a metal is depositing on a cathode. 
Since the ions arc not transported as rapidly as they arc removed 
by ele(!trolysis, p is diminished, and the value of E increases. If 
the cathode, at which the solution Ix'comes diluted and con- 
sequently lighter, is placed horizontally above an anode of the same 
metal, there will be no convection currents, and ions will be brought 
to the cathode only by transference and diffusion. Consequently, 
on applying an electromotive force, the current must fall to such a 
value that the nuinWr of ions it removes are replaced by trans- 
ference and diffusion. This is called a residual current. There is 
a gradual change in the concentration of the solution from the 
electrode to the original concentration which still exists at a 
distance from the electrode determim'd by the conditions of the 
electrolysis, such as tempc*rature, diffusion constant of the salt, 
and current. This layer of variable concentration is called a 
diffusion layer. There is always such a layer, no matter how thor- 
oughly the solution may bo stirred. 

The same relations hold for stirred solutions and vertical elec- 
trodes, but in this case much larger currents are possible. These 
larger currents are not called residual currents, though in aqueous 
solution all currents which do not decompose water belong to the 
same class and differ only in degree. 

If the current is so large that the concentration of metal ions on 
the cathode surface' is reduced practically to zero, no larger current 
can pass however the potential difference may Ix^ increased, unless 
some other ion begins to deposit. This current is called the limit- 
ing or maximum current. It evidently d(' pends on the concentra- 
tion, tempt'rature, and rate of stirring of the solution. 

Similar considerations apply to the anode. Here also there is 
a limit to the current under given conditions. If the current is 
so large that the solution becomes saturated, salt crystallizes on 
the anode and either stops the current or causes the potential 
difference to rise to the point where other ions are discharged. 

The rate of change of concentration clearly depends on the area 
of the surface on which the current acts. Therefore, to make 
results comparable, the current is given as the number of amperes 
per unit surface or as the current density. 

Since the ixitential difference between electrode and solution 
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i8 changed by the passage of a current, and by different amounts 
depending on the value of the current, equilibrium fx)tentiuLs give 
no information as to what takes place at the electrode in elec- 
trolysis. In case there were no polarization, they would do so, 
for that ion is deposited first which is the most easily deposited. 
It is therefore necessary to know the potential difference for each 
current density for the elect rode and ion in (question. This relation 
is conveniently represented by current-density-potential graphs, 
in which current density is usually plotted as ordinates, potential 
difference as abscissae. 

In order to measure the potential difference between electrode 
and solution when a current is flowing, the tube leading to the 



normal electrode is pressed against the side of the electrode to be 
measured which faces the other electrode of the elei^trolytic cell, 
as shown in Figure 29. The current density should Ixi as uniform 
as possible, to secure which no current should reach the reverse 
side of the electrode measured. This can be accomplished by 
pressing the electrode against the cell wall or by insulating with 
paraffine. 

Chemical Polarization 

Chemical Polarization. — It was fonnerly supposed that con- 
centration polarization, described above, is the only polarization 
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&t reversible electrodes. It has since been found, however, that 
nearly aJJ substances have greater polarization than can be 
accounted for by concentration changes alone. This was shown 
conclusively by Lc Blanc by oscillograph experiments.* 

The movable coil of an oscillograph was connected in parallel 
with the experimental cell and a commutated direct current 
passed through the cell. This current passed in one direction 
for 0.018 second, was broken for the same period, and was then 
reversed for the same period. When the curcuit is closed, the 
deflection of the spot of light reflected from the mirror attached to 
the movable coil is a measure of the potential difference between 
the electrodes of the experimental cell. According to the direction 
of the current, this wilNbe above or below the axis, or line traced 
on the photographic paper when there is no deflection. The 
distance from the zero axis will be proportional to the sum of the 
polarization and the IH drop in the cell. When the circuit is 
broken, the cell discharges through the movable coil and this 
deflection is a measure of the polarization of the cell. 

If there is no polarization, as in the case of iodide-iodine 
solutions, th(; deflection is a straight lino parallel to the axis and 



CVtln-CuSOv n-H,SO<|Cit 
Fig. 30 


its distance from the axis is a measure of only the I R drop through 
the cell, and when the circuit is broken there is no deflection. 
Figure 30 shows the results with acid copper sulfate solution 
where there is polarization. The curves ai, 02 , etc., represent the 
polarization of the cell when a constant current is applied, while 
hi, h, etc., show the polarization when the current is broken. 
For calibration, the lines Ci, C 2 , etc., are taken when the cell is 
replaced by a wire of the same resistance as the cell, and with the 
same current. The maximum value of the polarization is found 
from this. Thus if 1 mm. distance from the axis = 0.00030 amp. 

‘ Ahhandhingen der deutschen Bunsen Gesellschaft, No. 3 (1910). 
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and if the maximum distance is 10 mm., the current is 0.0030 amp. 
This multiplied by the sum of the resistances of the movable coil 
and the adjustable resistance in series with it ^?ives the potential 
difference at the electrodes. If this resi.stance is 203 ohms, the 
polarization is 0.609 volt. The results showed great variation 
in the polarization, while if the polarization had been due only to 
concentration polarization all the values would have been small 
and about equal. The results show, therefore, that the reactions 
in general do not go with unlimited velocity. This is called 
chemical polarization. 

Since electrochemical processes consist of more than one step, 
the attempt has been made to find to which of th(\se this polariza- 
tion is due. The following ar(‘ some of 'the theories proiX)sed : 

(1) The ionization of the salt may not take place with unlimited 
velocity. In this case ions would not Ix' furnished by the undis- 
sociated salt as rapidly as they are removed l)y electrolysis, and 
their concentration would fall Inflow ('(luilibrium concentration. 

(2) There may be a resistance to the transfer of the electric 
charge, corresponding to the step, 

M + J'F = Af 

This would require energy in the form of excess potential difference. 

(3) The value of the electrolytic solution pressun* P in the 
Nernst equation may be increased in some way above the equilib- 
rium value. This applies especially to gases. 

Caihodic Processes 

Hydrogen Evolution. — The deposition of hydrogen is the most 
important of all cathode reactions from a theoretical point of view, 
since this ion exists in all aqueous solutions. 

If a platinized platinum electrode is polarized only a minut-c 
amount in excess of the potential difference that exists l)etween 
platinized platinum in contact with gaseous hydrogen, hydrogen 
bubbles appear. If the current density is increased, a small polari- 
zation occurs, due entirely to concentration change. Hydrogen 
therefore forms a reversible electrode in contact with platinized 
platinum. 

It is found that an excess voltage is required to liberate hydrogen 
on all other metals than platinum except palladium. The dif- 
ference between this voltage and the reversible electromotive force 
of hydrogen is called overvoltage. This quantity has been deter- 
mined in two ways : (1) as the potential difference at which the 
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first bubble appears, and (2) by the kink in the current-density- 
potential curve. The former gives higher values, as shown in 
Table 24. 


Table 24. OvKRvoLTAnKs for Hydrogen^ 


Mbt>l 

Campaju 

Coehn and 
Dannenbeiio 

Thiei. and 

UnElfNINO 

1 IlouoH Surfaces 

Platinum, i)latini7.cd . . . 

0.005 

0.0 

0.0 

Platinum, smooth .... 

0.09 

— 

— 

Palladium 

0.46 

- 0.26 

0.0 

Gold 

0.02 

0.05 

0.165 

Silver - 

0.15 

0.07 

0.097 

Nickel 

0.21 

0.14 

0.1376 

Copper 

0.23 

0.19 

0.135 

Iron in NaOH 

0.08 

0.03 

0.087 

Retort carbon 

— 

— 

0.1428 

Graph it(' 




0.336 

Aluminum 

— 

0.27 

— 

Cadmium 

0.18 

___ 

— 

Tin 

0.53 

— 



Indium 

— 


0.533 

Lead 

0.64 

0.36 

— 

Zinc 

0.70 

— 

— 

Mercury .... 

0.78 

o.u 

- 


The potential ditTorenee for an electrode on which hydroj^en is 
being liberated must thendore be expressed by the ecpiation, 

RT P 

E= /log (1) 

t p 

where t;,, represents the overvoltage. This dei:>ends not only on 
the kind of metal, l)ut also on the physical state of the surface, 
the temix^rature, and the pressure. An increase in temperature 
reduces overvoltage.2 The kink point is independent of pressure;* 
the bubble point is not affected much Ixd-ween pressures of 40 and 
100 centimeters of mercury ; below this the overvoltage increases 
rapidly.^ 

^ Caspari, Z. phys. Ch. 30 , 89 (1899). First appearance of bubbles. Coehn 
and Dannenborg, Z. phys. Ch. 88, 609 (1901). Kink point in voltage current 
curve. Thiel and Breuning, Z. anorg. Ch. 83 , 329 (1913). First appear- 
ance of bubbles. 

* Knolx*l and Jov, Tr. Am. Electroch. Soc. 44 , 443 (1923). 

3 Wulf, Z. phys.^Ch. 48 , 87 (1909). 

^ Goodwin and Wilson, Tr. Am. Electroch. Soc. 40 , 173 (1921). 








THEORETICAL AND APPLIED ELECTROCHEMISTRY 115 


Hydrogen overvoltage is reduced by superimposing an alternat- 
ing current on the direct current.’ 

For electrolyses it is important to know the overvoltages at 
higher current densities. These are shown in Figures 31 and 32 
for a number of metals.^ The metals were of high purity, but the 
surfaces were not polished. 

Since the deposition of hydrogen on metals causes roughening 
of the surfaces, the position of current-density-voltage curves 
changes with time, and also defx'nds on the previous history of the 
electrode ; that is, the current density with which it has been pre- 
viously polarized. 

The extra energy required to deposit h.^drogen on an electrode 
having overvoltage appears as heat. This would be expected, 
and it has been confirmed by exix'riment. A current was sent 
through two cells identical in all respects except that the cathode 
in one was lead and platinized platinum in the other. The anodes 
were platinum, the electrolyte sulfuric acid of 1.2 specific gravity, 
and the water equivalents of the two cells were made equal. The 
cathode potentials were measured against tenth-normal electrodes, 
and the temix‘raturc rises in the cells were determined. The 
difference in the rises in temperature in the two cells is then due 
only to the difference in the quantities of heat produced at the two 
cathodes. The following results were obtained : ® 


Expkriment 

1 

DiFFEHEVCK IV VoLTAOE CaI.C KIIOM 

Dikfehence in Voi.taoe MRAI4- 

Numbkk 

OinERENr'h IN Heat DEVELorEU 

UHEU VD. 0.1-n-KCi. Klectrodk 

1. 

0.913 

o.orio 

2. 

O.fiOO 

0.597 


Overvoltage is supposed to be due to an increase in the electro- 
lytic solution pressure P in the Nenist eejuation, by the formation 
of a hydride with the metal of the electrode' of greater free-energy 
content than gaseous hydrogen. This is case (3) al>ove. It can- 
not be due to different catalytic effects of the cathode material 
on the ionization of hydrogen, localise many other facts indicate 
that this is nearly instantaneous. It is also improbable that the 

* Goodwin and Knobel, Tr. Am. Electronh. Soc. 37 , 617 (1920). 

* Knol)el, Caplan, and Eiseman, Tr. Am. Electroch, Soo. 43 , 55 (1923). 
See also Tafel, Z. phya. Ch. 60 , 641 (1904). 

*Kaufler, Z. Elektroch. 13, 633 (1907). See alao J. W. Richards, Tr. 
Faraday Soc. 9, 140 (1913). 
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higher pressure existing in the small bubbles when first formed on 
the cathode can account for more than a small amount of over- 
voltage, for if 
the pressure 
were high enough 
to account for 
the overvoltage 
of mercury, ac- 
cording to equa- 
tion (37), Chap- 
ter V, the gas 
would have to be 
under a pressure 
of 10^^ atmos- 
pheres, which is 
a b 8 u r d . T h c 
hydride theory 
therefore seems 
to offer the most satisfactory explanation at the present timed 
The effect of colloids on overvoltage is very slight. The addi- 
tion of 0.1 percent of gelatin increases the overvoltage on lead by 




Fig. 33. ~ Metal Overvoltages. Solutions- yV Mol 
AgNOs, Mol Kf!N per Liter; ^ Mol C’i>(('N)2, 
A Mol KCN per Liter; Mol CuCN, ^ Mol KCN 
PER Liter 


Potential vs. Hydrogen Electrode 

Fig. 34. Metal Overvoltages. Normal Sulfate Solutions. 
('ll Stin'TioN HAS Auso 10 Percent HjSiFe 


‘ For an extcn.sive discussion of this subject .see Foerster, Ekktrochemie 
xoOsseriger Ldsungen (1922). Also Newbury, J. Ch. Soc. 109, 1359 (1916). 
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0.05-volt.* According to other experiment^!” a maximum hydro- 
gen overvoltage occurs as the concentration of the colloid consist- 
ing of gelatin or gum arabic is increased. This maximum is 
independent of the na- 
ture of the electrode. 

This is explained as due 
to the change in the con- 
centration of the hydro- 
gen ions by the colloid, 
by the formation of ad- 
sorption compounds. 

The Deposition of 
Metals. — Current -den- 
sity-voltage curves for a 
number of metals arc 
given in Figures 33, 34, 
and 35.'* Thest' were all 
obtained in well-stirred 
solutions. 

It is clear that in most 
cases there is considera- 
ble chemical polauzation, 
otherwise the curves 
would all be as close to 
the vertical as those of 
mercury and lead. Stir- 
ring tends to eliminate 
concentration polariza- 
tion, so that departure 
from the vertical is principally due to chemical polarization. 

It is therefore clear that th(' electrode poUmtial of cathodes 
must be represented by the equation, 


i/y/O 

Hg 

0.1-n- 

Gfi-n- 

NOj 

UNO. 

* 










0.2 


Pb/n^Pl 

) Si 

o 





i 


L 



♦ 0.8 +0.7 -0.1 -0.3 

Potential vs, IJudrogen Electrode, 20 C. 

Fio, .3.') — Mktal Ovkhvoltaueb 


E = 


UT, P , 

log - 4- r)^, 
F V 


( 2 ) 


where is the overvoltage for the metal deposition. 


’Marie, C. R. 147, 1400 (1009). 

* Isganschew and Berkmann, Z. Elektrorh. 28, 47 (1922). 

® Foerster and Cofetti, B. B. 38, 29.34 (190,5) ; Foorstcr, Z. Elektrorh. 13, 
661 (1907); Sehildbach, Z. Elektroch. 16, 967 (1910); Schweitzer, Z. Elek- 
troch. 16, 602 (190.5) ; Foerater’a Ekktrorhemie m'meriger Losungen, for resulta 
of unpublished work ; Foerster, Abhandlungen der deutachen Bunsen Gesell- 
schaft, No. 2 (1909), 





118 THEOKETICAL AND APPLIED ELECTROCHEMISTRY 


It is an interesting point that large values of riu are associated 
with small values of 7 ^, in the same metal, as for example in lead 
and mercury, while small values of r^jj are associated with large 
values of as with the iron ^(roiip. * 

Complex salts generally show greater chemical polarization than 
simple salts of the* same metal. An example of this is shown by the 
curves for copper sulfate and for poLissium cuprous cyanide. 
In the case of th (5 copper cyanide complex, more time is required 
for ionization, and the polarization due to this cause is added to 
that due to the transfer of the electric charge. Independent 
evidence that time is n'quired for the cuprous ion to enter the 
potassium copper cyanide complex, and presumably also to ionize 
from it, is furnished hy the (‘xperiments of Lc Blanc and Schick, 
as follows,^ With a sufficient excess of potassium cyanide, a 
direct current deposits only hydrogen at the cathode because of 
the small number of copixu- ions. At th(* anod(‘, however, copper 
goes into solution quantitatively. Therefon', on electrolyzing with 
an alternating current, any copjx'r dissolved anodically will not 
bo electrolyzed out when the current is reversed if it has had time 
to enter the complex. If, however, the current is rcvc’rsed before 
the ion has had time to enter the complex, it will be deposited at 
the next reversal of the current, and the current efficiency of dis- 
solving copp(^r will decrease. Experiments showed that with 
less than 1000 alternations per minute copper dissolved with 100 
I)ercent efhciency, but fell to less than 40 percent for 30,000 alterna- 
tions. IjO Blanc estimates that if 0.1 noiinal copper ions are 
brought in contact with between 1 and 4 normal potassium cyanide, 
all copper is combined with cyanide in 0.06 second, while if the 
concentration of coppt^r ions is normal after 0.(KjS second 
the reaction has hardly iH'gun, The relation between these veloci- 
ties and polarization hsis not, howevcT, been worked out 
quantitatively to s('e whether reaction velocities of this order of 
magnitude would account for appreciable polarization. 

The iron group of metals arc examples where there is considerable 
polarization evc*n when deposited from simple salts. This may be 
partly due to the retardation of the splitting up of hydrated ions 
according to a reaction such as the following : 

Ni(H20)++ = Ni++ + nHaO, 

or the dehydration may take place after the hydrated ion has been 

^ Foerster, Ekktrochemie tonsseriger Ldsungen, p. 456 (1922). 

>Z. Elektroch. 9, 636 (1903). 



THEORETICAL AND APPLIED ELECTROCHEMISTRY 119 


deposited.^ But this is not the only cause of polarization in these 
cases, since it is found that foreign substances in the electrode, 
such as hydrogen and zinc, increase the }X)Iarization considerably, 
showing that the electrode is partly responsifile.* 

The polarization of copjxir deixisition from (^opjx^r sulfate is 
very much increased by the presence of sulfuric acid or of neutral 
salts. ^ 

Whether a metal will be deposited from arpieous solutions 
depends on the relative values of the potentials. 


Elf = 


log and 

I'P Pm 


- log + Vm, 

F 


1 


for the solution and current density in question. If (1) for all 
current densities E// is more negative' than E,u, only metal will 
deposit. The curreiit-di'iisity-voltage curves would then be 
related as shown in Fig- 
ure 36. This applies to 
metals that arc more no- 
ble than hydrogen in 
strong acid solutions, as 
long as th(‘ limiting cur- 
rent density for the metal 
is not exceeded. If it is 
exceeded, of course hydro- 
gen must deposit and the 
potential of the electrode 
jumps over to the hydro- 
gen curve. If (2) E// is 
less negative than E^, for 
all current densities, hy- 
drogen only is deposited. 

The curves in Figure 36 would then Ix' interchanged. This ap- 
plies to those metals that decompo.se water, such as the alkali 
metals. 

It is an interesting, though not important, question whether sodiurn js 
deposited and then reacts with water, or whether hydrogen ls deposited 
primarily. This depends on whether hydrogen or sodium has the more 
negative electrode potential. According to formula (.'17) , ChapU*r V, or 1 able 20 
the electrode potential of hydrogen in normal hydroxyl ions is E = 0 -|- 0.059 



Fig. 36. — Ovbrvoltaoks of Hydrogbn and 
OF Mktai., Showing (’onditions for Dep- 
ofiiTioN OF Metal Alone 


iFoerster, Z. Elektroch. 22, 99 (1916). 

* Freundlich and Fischer, Z. Elektroch. 18, 8S6 (1912). 

• Reichenstein and Zieren, Z. Elektroch. 19, 531 (1913). 
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log 10"*^ * — 0.83 volt, and in fact hydrogen can be liberated at about this 
potential difference on platinized platinum, showing the ionization takes 
place with great rapidity. 

The electrode potential of .sodium is — 2.7 volts, and in order that sodium 
should be deposited it is necessary either that the electrode potential of hy- 
drogen be incre/ised to — 2.7 volts, or that the electrode potential of sodium 
he reduced to — or that /)oth be changed until they eqmd each other. 
The overvo/tage of hydrofnen at 10 amp./sq. dm. does not exceed 1.3 volts in 
acid solution, as shown hy higures 31 and 32, and if the same v;dues are 
assumed for alkaline solutions, there results a pos.sible hydrogen electrode 
potential of — 0,83 — 1.3 ■= —2.1 volts. In order to have the deposition 
of sodium it wouhl therefore be necessary to have a reduction of the sodium 
potential by depolarization. This hapiMuis in case sodium can alloy with the 
cathode, as with mercury, but otherwise the deposition of sodium probably 
does not take place. • 

Ordinarily it does not help to reduce the hydrogen-ion concentra- 
tion by using neutral solutions for the purpose of depositing such 
metals as aluminum and magnesium, for if only a small amount of 
hydrogen is liberated, the solution l)ecomcs alkaline and the hy- 
droxides are precipitated, but on a cathode rotating at 15,000 
revolutions a minute and a high current density small amounts of 
aluminum can be deposited from a saturated aluminum chloride 
solution d 

If (3) E,/ = Ejvf, metal and hydrogen deposit together. In 
this case the current-density-voltage curves would be related as 
shown in Figure 37, wh('re the relative positions of hydrogen and 
the metal are such that the same vertical line cuts both curves. 
The amounts deposited at a given electrode |X)tential will be pro- 
portional to the current densities corresponding to the intei'sections 
of the vertical and the curves M and H and the efficiency of 
metal deposition is AC/ AC AB. Nickel, zinc, and cadmium 
belong to this case. It is to be noted that in the case of metals 
that tend to dissolve in acid, the current cannot go in the direction 
from solution to cathode and consequently hydrogen cannot be 
deiK)sited until the impre.ssed voltage is at leiust equal to that with 
which the metal tries to dissolve. 

Formation of Alloys. — Alloys are formed either when the de- 
posited metal alloys with the cathode, as in the case of the 
technically imix)rtant sodium amalgam, or by the simultaneous 
deposition of more than one metal. Mercury has a depolariz- 
ing action on sodium, as shown by the value of the potential 
difference between sodium amalgam containing a few tenths of a 
percent of sodium and a sodium hydrate solution. Referred to 
^ Tucker and Thomi^n, Tr. Am. Electroch. Soc. 16 , 497 (1909). 
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a molal hydrogen electrode this is — 1.72 volts, one volt less 
than the molal potential of sodium.’ This, with the overvoltage 
of hydrogen on mercur}^, makes the formation of this amalgam 
possible. 

The more general way of forming alloys is to deposit two metals 
simultaneously. Whether the two metals dejmsit simultaneously 
depends on the relative values of their electrode potentials for the 
solution and current density under consideration : 

„ BT, Pi, PT, P2 , 

El - — log f- Tjjif, and E 2 = - -- log f- 77 

Pi J/2F pi 

If they deposit together, of course Ej = E 2 , Ijut the current densi- 
ties corresponding to these values are usually not equal. The 
current-density- voltage 
curves would lie placed in 
the same relative {X)sitions 
as the hydrogen and metal 
curves in Figure 37. 

The most important 
technical electrolytic al- 
loy is probably brass. 

Though copi)er and zinc 
can be deix)sited together 
from sulfate solution,'-^ the 
current density has to be 
above the limiting value 
for copper and the deposit 
is consequently spongy. 

In order to get a smooth 
deposit, cyanide solutions 
are necessary, in which the 
electrode potential of zinc and copper become equal. These 
potentials are made equal by three different causes : ( 1 ) in cyanide 
solutions the copper-ion concentration is reduced more than the 
zinc, so that the more cyanide is present, the nearer the electrode 
potentials approach each other. This is shown in Table 25.® 
( 2 ) The copper current-density-voltage curve departs more from 
the vertical than the zinc in cyanide solution as shown in Figure 33, 

^ Haber and Sack, Z. Elektroch. 8, 2.51 (1902). 

2 Sauerwald, Z. anorg. Ch. IH, 263 (1920). 

® Summarized in Foerster's Elektrochemie wdsseriger Losurtgen, p. 182 
(1922), from work by Spitzer, Z. Elektroch. 11 , 345 (1W5), and by Diethelm. 



Fig. 37. — Ovkrvoi.tacjkh of IIvdroobn and 
OK Mktal, Showing Condition kou SiMUii- 
TANEors Dbi'obition ok Mktal and 11y- 
DKOOEN 



122 THEORETICAL AND APPLIED ELECTROCHEMISTRY 


Table 25. Equilibrium Electrode Potentials op 
Copper and Zinc in Cyanide Solutions 



ELEcrnoLOYTE Contains per Liter 


I Kquivalent 
MSOi 

Mol MCy + 

A Mol KCy 

^ Mtrt MCy -f- 
A Mol Kty 

Mol MCy + 

1 Mol KCy 

Zinc . . . 

Copper . . . 

- 0.801 
+ 0.308 

- 1.033 

- 0.610 

- 1.182 
- 0.964 

- 1.231 

- 1.169 


and this at higher current densities brings the electrode potential 
for copper deposition still nearer that of zinc. (8) Copper has a 
depolarizing effect oif the deposition of zinc as shown by the fact 
that brass is obtained at (dectrode potentials lower than the 
equilibrium potential of zinc in this solution. Table 26 shows 
how the current density and relative concimtration of copper and 
zinc affect the composition of the alloy deposited.^ 


Table 20. Deposition of Brass from Solutions Containing 
■At Mol (ZnO-j + CuCy) -f A Mol KCy per Liter 


Zn : Cii IN E 

Ilectrolyte 

Amp /Sq Dm. 

rtncENT (’opper in Alloy, 
AvER\(iE Values 

1 

1 

0.27 

84.1 

1 

4 

12 

83 

1 

1 

12 

63 

7 

1 

5 

81 

7 

1 

12 

46.3 

p> 

1 

12 

21.3 

31 

1 

12 

10.4 


The quantity of potassium cyanide also has a marked effect 
on the electrolysis. If there is just enough potassium cyanide 
to bring the solution to ^ molal K 3 CuCy 4 and tV molal 
K 2 ZnCy 4 , the current efficiency at the cathode is only 20 percent, 
and falls to zero rapidly with the addition of more potassium 
cyanide. If there is only enough potassium cyanide to make the 
solution A molal in the simpler salt KCuCy 2 , chemical polariza- 
tion is small and the (dectrolytic de^wsition is nearly reversible 
up to a current density of 0.3 amp./sq. dm.^ 

^ SauerwaUl, Z. anorK. Ch. Ill, 270 (1920). 

* Hoinp;, Z. Klektroch. 22 , 286 (1916), and Foerster’s summary, Eleh- 
trochemie xodsseriger Losutigen, p. 496 (19^). 
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Though the electrode potential of zinc is more negative than 
copper in this solution, when th(‘ two are present together zinc in 
some way polarizes copper making its deposition more difficult so 
that brass is still deposited. 

An increase in temperature much above 20° C. reduces chemical 
polarization for the metal dei)osition and therefore alters the 
relative values at which copper and zinc deposit so that copper and 
not brass is deposited.^ 

On account of the large value for for the iron group, alloys 
of these metals with much less noble m(‘tals such as zinc and 
magnesium, are deposited from simple salts. If iron or nickel 
sulfate containing zinc sulfate is electrolyzed at ordinary tem- 
peratures, the deposit contains more zinc thaa nickel.- The action 
is rather peculiar in that first the iron metals depolarize zinc, 
which when in the electrode polarizes the iron nudals and renders 
their further deposition more difficult. The proportion of zinc de- 
positing then increases. Hydrogen also heli)s tlie polarizing effect 
of zinc sulfate.''’ 

A solution 4-normal in magnesium and O.o-normal in nickel 
sulfate gives a deposit containing about 2 pi'rcent magnesium. 
The deposition of magnesium is made po.ssibl(‘ by th(' formation 
of an alloy or solution of magnesium in nickel, sin(U‘ magnesium can- 
not be d(‘posit(Hl in the pure state."* 

Form of Metal Deposits. — The physical character of metal 
deposits is of great jiractical importance*. Some of the principal 
forms of metal deposits are (1) isolated crystals, as silver deposited 
from silver nitrate ; (2) a distinctly crystalline, continuous surface, 
like coppc‘r from coppfT sulfate ; (3) a smooth surface without 
recognizable structure, such as cojijx'r from cyanide baths 
(4) surfaces so smooth as to appear polished, as silver from cyanide 
baths with certain other additions ; (5) a spongy amorphous form, 
such as copper deposited from dilute sulfate baths at high current 
density ; (6) long needles or aigrettes, as lead from dilute nitrate, 
and tin from tin chloride, and finally (7) in a black form, the most 
familiar example of which is platinum from platinic chloride solu- 
tion. 

^Brunner, Dissertation, Zurich (1907); Koerstc-r, Elektrochemie wdsseriger 
Losungen, p. 496 (1922). 

«Toepffer, Z. Elektroch. 6, .‘142 (1899). 

« Foerster, Z. Elektroch. 22, 93 (1916). 

^Coehn and Siemens, Z. Elektroch. 8, .591 (1902); Siemens, Z. anorg. Ch. 
41 , 249 (1904). 

‘Sieverts and Wippelmann, Z. anorg. Ch. 91, 1 (1916). 
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The conditions that determine the kind of deposit must he 
briefly explained. 

Smcc * pointed out that the deposition of metals is a crystalliza- 
tion process, 2 and crystallization consists in two steps: (1) the 
formation of crystal germs or nuclei, and (2) the further growth of 
these nuclei to form larger crystals. Each of these steps has its 
own velocity, and the relation between these velocities determines 
the character of the deposit. If nucleus formation is more rapid 
than crystal growth, the deposit is fine grained ; if crystal growth 
is more rapid than nucleus formation, coarse crystals are formed. 
The factors that determine the values of these velocities are: 
(1) the nature of the salt from which the metal is deposited. 
This is shown by the fact that the same metal is deposited in 
entirely different forms from different salts. Silver, for example, 
is deposited in a smooth layer from cyanide baths, and as loose 
crystals from silver nitrate. The cause for the smoothness of 
deposits universally obtained from complex salts is that some of the 
complex salt dejxisits with the metal and prevents crystal growth 
in the same way that this is prevented by colloids as explained 
below. 3 There is also some specific influence of the anion which 
is not yet understood, for this explanation does not apply to the 
difference in the deposits of lead from lead nitrate and from lead 
chlorate, and to other similai cases. 

(2) The ratio of current density to concentration of metal ions 
at the cathode surface. This ion concentration is not that in the 
body of the solution but is always loss and is determined by the 
concentration of the body of the solution, the rate of stirring, and 
temperatun^ in its effect on diffusion. Very low current density 
and a stationary electrolyte favor the growth of crystals rather 
than the formation of new crystal nuclei. A higher current den- 
sity makes the formation of new nuclei necessary, because the 
velocity of crystal growth is not great enough to take care of all 
the metal deposited, and the deposit Incomes finer grained. A still 
further increase in current density makes the nucleus formation so 
outweigh crystal growth that the deposit becomes loose and spongy. 
Thus a high value of the ratio of current density to concentration 

^ 2d ed. of Elements of EleetrometalhirRy, 1842, quoted by Bancroft, 
Tr. Am. Electroch. Soc. 21, 2:i9 (1912). See also Hughes. Hull. 6, Dep. of 
Sci. and Ind. Res. London (1922), and J. Phys. Ch. 26, 495 (1921). 

* The mechanism of metal deposition may consist in electrons going into 
the solution and discharging ions, which then crystallize like any other sub- 
stance. 

» Kohlschuttcr, Z. Elektroch, 19, 181 (1913). 
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is analogous to sudden chilling in ordinary crystallization, and a 
low value of this ratio to slow cooling, for sudden cooling produces 
many small crystals, slow cooling, large cr>'stals. Thorough stir- 
ring counteracts the effect of high current density in producing 
spongy deposits. This is shown by the fact that good deposits 
can be obtained in copf)er sulfate solutions with cuirent densities 
up to 260 amp./sq. dm. on a cathode rotating at 5500 revolutions a 
minute,' while 65 amp./sq. dm. would give a loose deposit with a 
stationary electrolyte. In cop|3('r refining about 2.2 amp./sq. dm. 
is used with a slowly circulating electrolyte. 

(3) An increase in temperature is sonu'times sufficient to change 
a loose deposit into a dense. This may Ik‘ due to a liigher rate of 
diffusion, or an increase in the ionization velocity, or to a greater 
increase in the rate of crystal growth than in lh(' rate of nucleus 
formation. Copper tends to form larger crystals the higher the 
temjierature, wliich would indicate a greater increase in the velocity 
of crystal growth than of nucleus format iofi. The reverse is true 
of alkaline stannate solution: at 1S° and small current density 
tin deposits in the foiTu of needles, while at 90° the deposit becomes 
dense. This would show in this case a greater increase in the 
velocity of nucleus formation with the temperature than of crystal 
formation.2 

(4) The presence in solution of so-called “ addition 
substances which have been found to improve deposits. These 
are usually organic substances, and often colloids. (Hue is the 
most commonly used for this purpo.se. It is used both in copper 
and in lead refining ; one part in 4 to 8 million of solution suffices 
to improve the deposit. Their action probably consists in reduc- 
ing the rate of crystal growth by adsorption on the surfaces of 
crystals, forming a thin layer which increase's the resistance and 
causes the formation of new nuclei ratlu'r than a continued crystal 
growth. These additions are included in the deposit and there- 
fore have to be replaced continuously. In the ca.se of copper the 
deposit has been shown to consist of very thin alternate layers of 
gelatin and metal, in which crystalline structure can be detected 
by X-ray analysis, but not by the microscope.'' 

(5) The valence of the metal has an effect on the form of the 
deposit in cases where two valences are possible. Thus lead is 

’ Bennett, Tr. Am. Eleetroch. Soc. 21 , 253 (1912) ; also Zimmerman, ibid. 
3, 245 (1903). 

® Foerster, Elektrochcmie wdsseriger Lmungen, p. 389 (1922). 

* Grube and Reuss, Z. Elektroch. 27 , 45 (1921). 
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deposited from solutions containing lead only in the bivalent state 
in large single crystals, while the presence of quadrivalent lead 
causes the deposit to be spongy,* and tin deposited from an alka- 
line solution containing even a little bivalent tin is in the form of 
large leaves and needles, while if the deposit contains only quad- 
rivalent tin the deposit is dcnsc.^ 

(6) Finally the nalare of the metal itself has its effect in deter- 
mining the nature of the deposit, for the relation between the 
velocities of nucleus formation and of crystal growth must be 
different for different metals. The current-density- voltage curve 
is another important property in this regard. The less polarizable 
the metal, th(i greater the tendency to form single crystals, as lead 
and silver tend to d(y from nitrate solutions, for there is nothing 
to stop the rapid growth of crystals if their natural rate of growth 
is high, since the current naturally concentrates on points extend- 
ing above the surface of the cathode. But if polarization increases 
with current density, the tendency to deposit on projecting points 
becomes less, more metal deposits in the spaces between crystals 
where the current density is lower, and the surface is smoother.® 
The reason copper deposits more evenly from acid sulfate baths 
than from neutral is that the polarization in acid baths is greater. 
(See page 119.) Since increased tem|)erature reduces polarization, 
in this respect it tends to make; larger crystals. Temperature 
therefore affects the character of the deposit by its effect on dif- 
fusion, on reaction velocity, on the relative rates of nucleus forma- 
tion and crystal growth, and on polarization. 

An important point with respect to electrolytic metal deposits 
is that the metal frequently ttmds to contract right after deposition. 
If the surface on which the metal is deposited is too rigid to allow 
contraction, strains are produced and the metal may crack.** 
This effect is especially noticeable in the iron group. The explana- 
tion is that the metal is deposited simultaneously with hydrogen 
in a dispersed state, and that the metal immediately begins to 
recrystallize or sinter to a more dense state. This contraction 
increases with current density and decreasing concentration of 
nickel, is small in neutral solution, but greatest at low acid con- 

^ Elb.M and Hixon, Z. Elektroeh. 9 , 267 (1903). 

* Naef, Dis.‘<ortation, (luotod by Foerstor, Elektrochemie wdsseriger Losun- 
gen, p. 392 (1922). 

•Aten and Houlage, Her. dw Trav. Chim. dea Paye-s-Bas, 39 , 720 (1920). 

Miohlschntter and Vuilleumicr, Z. Elektroeh. 24 , 300 (1918); Staeger, 
Helvetica Chemiea .\cta, 3 , 584 (1920). 
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centration and decreases with increasing acidity while the current 
yield also decreases. Increase in temperature reduces this contrac- 
tion. If the deposit becomes crystalline, the contraction decreases. 

This subject is of considerable technical importance ; for ex- 
ample, in copper refining the starting sheets l)ecome deformed 
before they have l)ecome thick enough to resist the unequal strains 
on the opposite side.s and have to be removed and straightened 
with wooden beaters to prevent short-circuits. 

Anodic Processes 

Oxygen Evolution. — If the oxygen electrode were reversible, 
on polarizing an anode with a gradually increasing potential dif- 
ference, oxygen evolution would begin at 1.23 volts mejisured 
against a hydrogen electrode in the same solution. If the activity 
of hydrogen ions in the .solution is molal, this would correspond to 
-h 1.23 volts for oxygen, but in a solution molal with respect to 
hydroxyl ions, a hydrogen electrode would have the potential 
difference 

E = 0 + 0.059 log 10-*^ =: - 0.83 volt, 

by formula (37) Chapter V. This corresponds to a potential dif- 
ference of -f- 0.40 volt for the oxygen electrode in molal hydroxyl 
ions referred to the molal hydrogen electrode as zero. But the 
oxygen electrode is not reversible ; like hydrogen it has overvolt- 
ages depending on the metal constituting the electrode. On 
platinized platinum in 2-normal sulfuric acid a slight increase 
in current is found at 1.08 volts, the .significance of which is not 
understood, but no oxygen is evolved until a potential difference 
of 1.50 to 1.63 volts, depending on the electrode, is reached. ‘ 
Table 27 contains the potentials at which oxygen begins to evolve 
in normal potassium hydrate on different metals, measured against 
a hydrogen electrode in the same solution, and the differences 
between these values and 1.23, which are the overvoltages.^ 

For the same metal, these values are close to those measured in 
acid, w'hich indicates that the process of oxyg(*n evolution is due 
to the discharge of the ion common to both acid and alkaline 
solutions : 

4(3H- + 4F = 21120 + O 2 . 

* Bennewitz, Z. phys. Ch. 72 , 210 (1910). 

® Coehn and Osaka, Z. anorg. Ch. 34 , 86 (1903). 
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Table 27 . Potentfal Difference between Anode and 
Solution When Oxyoen First Appears 


Metal 

Overvoltage 

' Potential vs. 
Hydrogen 

Gold 

0.52 

1.75 

Platinum, smooth 

0.44 

1.67 

Palladium 

0.42 

1.65 

Cadmium 

0.42 

1.65 

Silver 

0.40 

1.63 

licad 

0.30 

1.53 

Copper 

0.25 

1.48 

Iron 

0.24 

1.47 

Platinized platinum 

0.24 

1.47 

Cobalt .... • 

0.13 

1.36 

Nickel, smooth 

0.12 

1.35 

Nickel, spongy 

0.0.1 

1.28 


Curn'iit-clonsity-voltaKo eurvos for iridium, platinum, and 
rhodium in 0.1>normal sulfuric acid are shown in Figure 38,^ 



Fio. 38. — Oxygen Overvoltage 
> Westhaver, Z. phys. Ch. 61, 65 (1905). 





130 THEORETICAL AND APPLIED ELECTROCHEMISTRY 


and overvoltage curves for graphite, chemmetal (Pb-Sn alloy) 
silver, copper, and platinized platiniiiii in normal poLissium hy- 
drate in Figure 39.' 

The electrode potentials of lead dioxide and smooth platinum 
polarized for two hours in normal sulfuric acid are nearly equal, 
as the following figures show : - 


Amp/SqDm. 

PoTEf^TIAL ReFEKHKD TO MOLAL HyDROOEN ElECTRODE 

Platinum 

Lead Peroxide 

0.4 

+ 1.994 

+ 1.982 

2.3 

4- 2.024 

+ 2.061 

4.6 

+ 2.062 

+ 2.126 


In all cases the curves show much larger polarization for oxygen 
than for hydrogen, and the change of these values with time is 
also greater for oxygen,^ and is accompanied by a surface change 
in the electrode. This overvoltage is reduced by increased tem- 
perature,'* and by siqx'rimposing alternating current on direct.® 
With an alternating current relatively large compared with the 
direct current, oxygen can l/e liberated at an electrode potential 
less than its equilibrium ix)tential. This takes place by the inter- 
mediate formation of hydrogen i)eroxide. 

Oxygen polarization on smooth platinum electrodes depends on 
the previous history of the electrode and on the electrolyte. Even 
a little hydrofluoric acid added to sulfuric acid raises the electrode 
potential 0.1 volt.® Th(‘ potential of platinum electrodes dipping 
in oxidizing solutions is altered by the illumination of the solution 
by ultra-violet light, as shown by Swensson.^ 

Oxygen overvoltage is explained in the same way as hydrogen 
overvoltage : by the formation of intermediate compounds. Oxy- 
gen forms oxides with the metal of the electrode, which have a 
higher free-energy content than gaseous oxygen, and therefore 

' Knoljel, Caplan, and Eiseman, Tr. Am. Electroch. Soc. 43 , 55 (1923). 

* Mueller and Holler, Z. Elektroeh. 11, 865 (1905). 

* Foerster and Piguet, Z, Elektroeh. 10, 714 (1904). 

< Foerster, Z. phys. Ch. 69, 259 (1909). 

‘ Ueitlinger, Z. Elektroeh. 20, 201 (1914) ; Crube and Dulk, Z. Elektroeh. 
24 , 237 (1918). 

•Mueller, Z. Elektroeh. 10, 7.53 and 776 (1904) ; 11, 866 (1905). 

’ Ark. f. Kem., Min. oeh Cleol. Stockholm, 7, 1 (1918-1919). 
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act as though the electrolytic solution pressure were increased. 
The oxide produced on platinized platinum, by whose intermediate 
formation oxygen is liberated, his lx‘en identified lus PtOj ; ^ on 
nickel the peroxide NiOo is formed, which iieconnx)ses with the 
evolution of oxygen, and an oxygeiw'volving eopjx'r compound, 
probably an oxide higher than ('uO is formed on electrolyzing 
copper anodes in l2-normai sodium hydrate, so that this may be 
considered general."* 

Anodic Behavior of Pure Metals. — A metal used as anode can 
act in one of the following ways : ( I) it may dissolve with 100 per- 
cent current efficiency, or (2) its solution may be accompanied by 
the discharge of anions, in which case the. metal is only partly 
soluble, or (3) it may not dissolve at all. 

(1) Completely Soluble Auodes. — A complet(‘ly soluble anode 
does not dissolve at the equilibrium electrode potential, but always 
has concentration polarization and usually chemical polarization 
also. The anodic and ’cathodic polarizations are of about the 



Fio. 40. — Anodic and Cathodic Overvoitaqb of Nickel in Normal 
NiCli, 10® C. 


» Grube, Z. Elektroch. 16, 021 (1010). 

* Foerster, Z. Elektroch. 13, 414 (1907). 

‘Mueller and Spitzer, Z. Elektroch. 13, 25 (1907). 
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same maf;nitudo for any given metaJ, but the curves are not 
exactly the same shape, as shown for nickel in Figure 40.^ 

Though the current dissolves with 100 percent efficiency, all 
of the metal does not dissolve on account of the formation of a 
certain amount of anode mud, consisting of finely divided metal 
which separates from the anode and falls to the bottom of the cell. 
This is due to inhomogeneity of the metal, causing differences in 
the electrolytic; solution pressure. The more negative parts 
dissolve, leaving the more positive parts bc'hind, which become 
separated from the; anode. 

A question of great practical imi^ortance and of theoretical 
interest is the anodic behavior of metals of more than one valence. 
The discussion will lx; confined to two valences. Whether the 
metal goes into solution with the higher valence or with the lower 
is determined by the values of the corresponding (‘lectrodc potem- 
tials, and the concentrations of the two kinds of ions formed. 
There are two cases to be considered: (1) Suppose the electrode 
RT P 

potential Ei = — log ~ 

IF 

for the reaction M IF = (3) 

. RT P 

IS more negative than E 2 = — - log 

hF p.\p+ 

for the reaction M + /<F = (4) 

where I is the lower number of valences and h is the higher. (E3 
corresponds to the reaction -j- {h — l)F = Then if the 

solution contains at first no ions of the metal but only a salt with 
whose anion the metal can form a simple salt, the metal will go 
into solution only in the lower state of oxidation. In any given 
solution the concentrations of the; ions and must adjust 
themselves to such values that Ei = E2 = E3. As increases 
in concentration due to continued electrolysis, must also in- 
crease correspondingly, and if E° and E^ fjir apart 

it is possible that for high concentrations of the concentration 
of may be appreciable. In this solution the metal would 
then dissolve with a valence lying lx*tween h and 1. 

If an excess of 4/'*+ were added to the solution, the value of E 2 
would momentarily be less negative than that of Ei. Therefore 
the reaction (3) corresponding to Ei would take place and drive 
the reaction (4), corresponding to E 2 , in the reverse direction, until 

' Schweitzer, Z. Elektroch. 15 , 607 (1910) ; see also Schoch, Am. Ch. 
J. 41 , 240 (1909). 
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the two values of Ei and E 2 again become equal. This is analogous 
to what takes place on dipping a zinc rod in a copper sulfate 
solution, the electrode potential of Zn|Zn^+ corresponding to Ei 
and CulCu"^ to E^. Zinc dis.solves and precipitates copper until 
the two electrode potentials are ecjual. The reactions arc placed 
side by side for comparison. 

hM + hlF = hM^'^ cor. to Ei Zn + 2 F == Zn'^'^' 

_ - hlF = lAf, cor. to Cu++ - 2 F = Cu 

(h - l)M + (5) Zn + = Zn++ + Cu 

The addition of ions would also have th(‘ otT('ct of making E 3 
less negative, and the same result would lx? reached by using the 
corresponding reaction ; 

{h — l)M -p l{h — l)F ~ {h ~ corresponding to Ei 

~ l {h - l)F = JM^ corresponding to E 3 

{h~~- l)M + ' = hAV^ * (5) 

Or the reaction corresponding to Eo can be considered to drive that 
corresponding to Eg in the nwerse direction, with th(‘ same result. 
Doubtless all take place simultaix'ously. Iron, in chloride or 
sulfate solutions, belongs to this class, as shown by the values of 
of E° and EJ in Table 21, page* 87. Similarly for tin ' in chlorides 
and sulfates, h'ad in hydrochloric acid, hydrofluosilicic acid, and 
sodium hydrate, and bismuth and antimony in chloride solutions.’^ 

Mercury is an exceptional metal in that the e(iuilibrium ratio 
of Af^'^/AI^'^ is not exceedingly large as in the cas(‘s mimtioned 
above, but '’ Hg J Therefore in a solution in which 

this equilibrium has been reached one nuTcurit; ion dissolves for 
every 120 mercurous ions. 

( 2 ) When EJ is more negative than Ej^, the metal goes into 
solution principally in the higher vahmcc', but as exjdained above, 
if E° and Ej are not too far apart, with higher conc(*ntrations of 
appreciable quantities of may dissolve*, but the ratio 
of the concentrations must stay such jis to make the thr(‘c electrode 
potentials equal, including Eg. If an excess of ions were added 
to the solution, Ei would Ix^come le.ss negative than E 2 , and the 
reaction corresponding to E 2 would proceed and drive that corre- 

'Elbs and Thuemmel, Z. Elektroch. 10 , 364 (1904). See also Wohlwill, 
M. 9, 635 (1903). 

* Elbs and Niicbling, Z. Elektroch. 9 , 781 (1903) ; Elbs and Foerssell, Z. 
Elektroch. 8, 780 (1902). 

»Ogg, Z. phys. Ch. 27 , 285 (1898). 
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Bpondinf( to Ei in the reverse direction until the two electrode 
potentials again become equal. The reactions arc ; 

/iM‘^ - MF = /iM corresponding to Ei 

IM + d/F = corresponding to E 2 

l)M + (6) 

As before, the other reactions give the same result. This is 
responsible for part of the coppcT content of the anode mud in 
copper refining. The solution at the anode becomes more con- 
centrated in cupric ions and consequently more so in cuprous ions 
than the body of the solution. As soon as this l)ecomos a little 
diluted by circulation fit a short distance from the anode, cuprous 
ions must react according to (6) : 

2 Cu+ = Cu -h Cu++, (7) 

since on dilution the value of the mass action constant, Cu++/(Cu+)2 
will not n'luain constant without the removal of some cuprous ions, 
since this conci^atration is squared. 

Gold acts in the same way as copfx'r and finely divided gold 
is separated at the anode*. 

Silver exists as tlie ions Ag+ and Aga'^, which act in the same 
way as the two copper ions.* It is therefore important in using 
the silver coulometer to prevent the metallic silver from dropping 
on the cathode and also to keep the anode liquid from the cathode 
so no Ag-/ ions can be deposited. 

If the solution contains an anion with which the metal of the 
anode can form a complex, the behavior of the metal may be 
changed. If, for example, the ion has a much stronger tend- 
ency to form complexes than its conc(*ntration would bo so 
far reduced that E 2 l)ecom(*s more negative than Ei, though the 
molal electrode potentials are just the reverse, and case (1) would 
change into case (2). On the other hand, if has a much greater 
tendency to form complexes than case (2) w'ould be changed 
into case (1). In general metal ions in a high state of oxidation 
show a greaU^r tendency to form complex salts than ions of the 
same metal in a lower state of oxidation. Copi^er and gold arc 
exceptions to this rule ; cuprous and aurous ions have a greater 
tendency to form comple.xes than cupric and auric. Therefore 
copper dissolves in cyanide solutions as cuprous cop|)er, because 
the concentration of cuprous ions is so reduced by entering the 

* Richards and Heirarod, Z. phys. Ch. 41 , 302 (1902). 
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complex that the electrode potential corresjxmding to Cu -f F = 
Cu'*’ has been made more negative than that corresponding to 
Cu + 2 F = Cu++, 

Anodic Behavior of Alloys. — Alloys can exist in throe con- 
ditions: (a) as a mechanical mixture, when tlie metals do not 
dissolve each other or form any compounds. In this ease, an 
example of which is tin-bismuth alloys shown in Figure 41, the 
alloy has the same electrode potential as the pure more negative 



Fio. 41. — Electrode Potentialb of Alloys : E.M.F.’s 
OF THE Cellm: Hn I n-HziSO^ | SnBix and (’u | n- 
CuSO^ 1 ClAo* 


metal, except for compositions in which there is very little of the 
negative component. Thus the tigun* shows the electrode potential 
of SnBij is the same as that of th(‘ more electronegative metal, 
tin, until the alloy contains 80 percent of bismuth. 

If bismuth ions are added to the solution in which a tin-bismuth 
alloy dips, tin will go in solution and deposit bismuth ions until 
their concentration is reduced to the point at which the electrode 
potential of bismuth equals that of tin for this solution. When 
this alloy is electrolyzed as an anode, practically only tin goes in 
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solution with only enough bismuth to keep the electrode potential 
of bismuth equal to that of tin, and this amount is negligible. 
With 90 percent bismuth the alloy begins to have a less negative 
electrode potential and for very small amounts of tin the elec- 
trode potential I)ecomes equal to that of bismuth. 

(b) rhe metals form a solution. In this case there must be a 
loss of free (mergy and the components have smaller electrolytic 
solution pressures than when in the pure state. As the composition 
IS varied, the electrode potential changes from that of one pure 



Atomie Percent Copper 

Fio. 42. — Electrode Potentials op Alloys: E.M.F.’s 
C» I r-(’dS04 I CdCux and Sn | n-IIjS04 j SnCu 


OP THE Cells: 


metal to that of the other without any break in the curve as 
represented in the curve for copper-silver alloys.^ 

Anodic corrosion takes place as in the first case : the electrode 
potential of the metal alloy must be the same referred to each kind 

metals. 

(c) The metals form definite chemical compounds, which have 
their own electrolytic solution pressures. On going into solution 
they split up into the ions of each metal, and by the mass action 
law the potential of the compound depends on the product of the 

* Herschkowitsch, Z. phys. Ch. 27, 123 (1898). 
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ion concentrations of the metals. This case is illustrated by the 
diagrams of the electrode potentials of tin-copper and cadmium- 
copper alloys, in Figure 42.* Up to 65 atomic pcicent copper the 
electrode potential of the tin-copper alloy is the same as that of 
pure tin, but at this point a different potential corresponding to 
SnCu 2 occurs. At 75 atomic percent coppt'r the potential changes 
to a new value corresponding to SnCug. Since compounds go into 
solution as such and dissociate only afterwards, it would evidently 
be impossible to separate two such metals at the anode. 

In the copper-cadmium curve the horizontal line represents the 
electrode potential of the compound (\l 2 Uu, and the two sloping 
curves are duo to solid solutions of cadmiuui with Cd 2 Uu and of 
Cd 2 Cu with copper. Many similar cas(‘s have been invest igated.^ 

In the anodic solution of any alloy the general principal is that 
the most negative metal or compound that is at the surface ex- 
posed to the action of the current dissolves first. If this is all 
used up and the current does m>t have further access to und(‘rlying 
portions Ix'cause they are covered by the other components, the 
next most negative comi)ound or metal will dissolve, at jm electrode 
potential corresponding to the new process. In this process the 
current may ent away the more negative' iiK'tal from the' neighbor* 
hood of the more positive metal or compound and so loose'n it that 
it l)ecomes detached and goes into the anode' muel. This is illus- 
trated by zinc containing impurities, ^ anel by the ce)rre)sion of 
brasses.^ If the copper content of bra.sses is greater than 50, in 
general electrolytic ce»rrosion re\sults in the formatie)n e)f a cf)rrejsion 
product of the same composition as the anexle', because the' copper 
has to be removed so the current can attack the zine*, but the cor- 
rosion product of low-copper brass is pure' zine*, Ix'cause there is not 
enough copper to keep the current from the' zinc. In sulfate 
solutions, however, the corrosion is constant for all compositions, 
for a reason that is not clear. 

In general the corrosion of alloys is different for elifferent solu- 
tions. Thus while both copper and tin elissolve with 100 ix*rcent 
current efficiency in sodium chloride solutions, anel copper-tin 
alloys as well in which the copper content is more than 75 or less 
than 35 percent, other compositions dis.solvc scarcely at all in sul- 
fate solutions, but all compositions dissolve in alkaline tartrate 

^ Puschin, Z. anorg. Ch. 66, 1 (1907). 

2 Kremann, Z. Metall. 12 (1920) and 13 (1921). 

*Mylius and Fromm, Z. anorg. Uh. 9, 162 (1895). 

* Lincoln, Klein, and Howe, J. Phys. Ch. 11, 501 (1907). 
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and acid oxalate solutions. This is probably due to the more 
negative potential of copper on account of the formation of com- 
plex salts in those solutions, while the non-corrosion in sulfates 
is due to a protecting film of stannic oxide.' 

In general changes in the rate of corrosion occur only on the 
appearance or disap|)earance of a phase as shown in the equilibrium 
diagram 

Insoluble and Partly Soluble Anodes . — ^If there is some resis- 
tance to the formation of ions by an anode, so great that metal ions 
are formed with less than 100 percent current efficiency or not 
at all, the metal is said to be passive. This may be (1) mechanical 
passivity, due to somg kind of insoluble layer formed over the sur- 
tacc of the anode, protecting the underlying metal from the current, 
or (2) chemical passivity, where no such layer can be detected. 

Mechanical passivity may l)c due to the deposition of some 
colloid on the anode, but it is more generally due to the formation 
of an insolubk' compound from the metal of the anode and an 
anion of the solution. This layer is usually porous and therefore 
has the effect of increasing the current density, if the current is 
hold constant. This means a higher electrode potential and the 
possibility of some new electrode process such as tlio oxidation of 
the metal to a higher state or the deposition of anions. 

A lead anode in a sulfate solution is an example of mechanical 
passivity. If the impressed voltage is great enough, in a very short 
time the surface is covered with lead peroxide. This is due to the 
formation of nonconducting, porous lead sulfate which insulates 
part of the sui-face, increases the current density, and therefore 
raises the electrode potential to a value which oxidizes bivalent 
lead ions to quadrivalent, giving lead persulfate. This hydrolyzes 
rapidly and deposits lead peroxide in a continuous, protecting 
layer : ^ 

Pb(S04)2 + 2 H 2 O = PbOj + 2 H 2 SO. 

Since lead dioxide is a conductor, further electrolysis merely 
liberates oxygen, by the deposition of sulfate and hydroxyl ions. 
If the voltage is not allowed to rise to the point at which lead 
dioxide is formed, lead remains active and forms sulfate. A 
patent by Poliak for the formation of storage-battery plates is 

1 Curry, J. Phy.s. Ch. 10, 474 (1906). 

» Rowland, J. Pliys. Ch. 12, 180 (1908). 

* Elba and l''i.soher, Z. Elektroch, 7, 343 (1900) ; Elba and Nuebling, Z. 
Elektroeh. 9, 776 (1903). 
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based on this fact.* A lead plate also stays active if the sulfuric 
acid has a greater specific gravity than 1.65, for in this case lead 
persulfate is stable and soluble and no protecting layer is formed 
on the surface. 

Still another method of keeping the sui'face of a lead anode 
active is to add some salt to sulfuric acid that forms a soluble 
compound with lead. Some of the l(*ad ions combine with the 
anions with which it forms the soluble salt and come in contact 
with sulfate ions at a certain distance from th(' (di'ctrode, with 
the result that the sulfat(‘ either adheres more loosely or falls off 
altogether. Whether the sulfate sticks to the anock' or is separ- 
ated from it depends on the concentration of lh(' solution both as 
regards the relative amounts of the two -salts and their total 
amounts. If a small amount of the anions are present that form a 
soluble salt with lead, the process is suitable for forming storage- 
battery plates, while if the proportion is large, insoluble products 
are made according to th(' Luckow process.^ 

Thallium acts like lead in sulfuric acid."* 

The hydrates of many metals are insoluble, and consequently 
these metals show mechanical passivity in hydrate solutions. Thal- 
lium, for exarnjde, dissolves in th(* univalent state in 0.1 -normal 
sodium hydrate at curnuit d(*nsiti(*s below 0.JI5 amp./sq. cm., but 
if the current density is increa.s<‘d, th(‘.se ions are formed so rapidly 
that the solution becomes sufx'rsaturatc'd and they precipitate as 
oxide on the anode. This causes a further rise in voltages and 
the consequent evolution of oxygen.'^ 

As a final example may be mentioned that gold anodes are 
covered with a protecting layer of insoluble sodium gold cyanide 
when electrolyzed in sodium cyanide, but j)otjLssium gold cyanide 
is soluble and does not produce the passive .state.’ 

For many metals, including tantalum, columbium, aluminum, 
magnesium, cadmium, zinc, bismuth, cop|xu’, and tin, the.se pro- 
tecting films take on the |x^culiar i)ro|X'rty of allowing only very 
small currents to pa.ss when used as anodes, but much larger 
currents when used iis cathodes. This was first noticc'd by Buff ^ 
for aluminum in sulfuric acid and sulfates. Graetz ® showed 

‘ See Morse, Storage Bnlknex, p. 188 (1912). 

* Germ. Pat. No, 91, 707 (1891) ; Lc Hlanc and Bind.schedler, Z. Elektroch. 
8 , 255 (1902); Schleicher, Z. Elektroch. 17 , .'S.M (1911). 

* W, J. Mueller, Z. Elektroch. 16 , 090 (1909), 

* C3oehn and Jacobsen, Z. anorg, Ch. 66 , 321 (1907). 

‘ Lieb. Ann. 102, 209 (1857). 

•Ann. d. Phy.s. 62 , 323 (1897). 
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this property could be used for rectifying alternating currents. 
This is therefore called the rectifying action or the valve action of 
electrodes. The connections for utilizing both positive and nega- 
tive waves of alternating cur- 
rents are shown in Figure 43. 
There are four cells with one 
aluminum electrode and one 
of carbon, iron, or platinum. 
Since aluminum allows the 
passage of appreciable cur- 
rents only as cathode, it can 
be easily verified that the cur- 
rent in OP is in the direction 
of the arrow whichever way 
it flows through the alter- 
nator. 

The formation of a layer of 
this kind may b(^ represented 
by a curve showing the in- 
crease in voltage with the time during which a constant current 
passes the c‘l(^ctrode. If a tantalum electrode, which shows valve 
action in nearly all (dectrolytes, is electrolyzed with a constant 
current density of a few tenths of an ampere fx^r square decime- 
tei in a 0. Go-normal acid or alkali solution, the voltage rises as 
shown in Figure 44.^ This curve consists of three parts, marked 
a, b, and c. At the point joining a and b small sparks begin 
to pass and the rate of voltage rise becomes less. P'inally a 
critical or maximum voltage is reached when large sparks pass be- 
tween the electrode and solution and no further rise in vol- 
tage takes place. For tantalum in dilute alkali carbonate this 
is about 1000 volts.'*^ The voltage at which the first sparking 
point occurs depends on the metal, and the second on the elec- 
trolyte.*’ During the formation of the protecting layer only 
about 5 percent of the current is used to form, while 95 percent 
evolves* oxygen, even on an aluminum electrode which has a great 
affinity for oxygen. This is supposed to be due to a film of oxygen 
gas across which the electrons from oxygen ions pass, so that 
atomic or nascent oxygen does not come in contact with alu- 
minum. 



Fio. 43. — Electholytic Rectifier. A, 
AltBHNATINO (aJKRENT SoUKCB . < 1 , ALU- 
MINUM Elp^ctuodeh : h, Cauuon Elbc- 
TiiouBs, OP, External ('ircuit 


^ Schulze, Ann. d. Phys. 34 , 657 (1911). 
• Schulze, Ann. d. Phvs. 23 , 246 (1907). 
» Schulze, Ann. d. Phvs. 34 , 708 (1911). 
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If the metal is one for which the critical voltage is about 200 volts, 
the part b of the curve disappears, as in curve I, and in some cases 
b goes over into c without a sharp break, as in III. Those curves 
are raised only slightly by increasing the current density.* High 
temperature tends to destroy the valve action of these fihns.* 



According to determinations based on light interference the 
maximum thickness of film formed on aluminum is between 
5 X 10“^ and 5 X 10“^ millimeters.^ This thickness can, how- 
ever, be increased indefinitely by continued (dectrolysis with the 
voltage below the critical voltage. A small current flows which 
slowly builds up the layer. By dissolving out the aluminum 
metal the layer can be obtained alone and its dielectric strength 
measured after drying, and the thickness can be calculated from 

‘ Schulze, Ann. d. Phys. 21, 029 (1900). 

’ Fischer, Z. Elektroch, 10, 809 (1904). 

•Zimmerman, Tr, Am. Electroch. »Soc. 6, 147 (1004). 



142 THEORETICAL AND APPLIED ELECTROCHEMISTRY 


this. In phosphoric acid aluminum electrolyzed with a current 
density of 0.5 amp./sq. dm. for 25 minutes gave a film 2.7 10“^ 
cm. thick ; in 2.8 hours it was 830 10"^ cm.^ 

In chemical composition a rectifying film is always the oxide of 
the metal of the electrode in the layer next the electrode ; outside 
this layer it is the metal combined with the anion of the solute.^ 
The oxide portion of the film holds a thin film of oxygen gas which 
is responsible for the rectifying action. This was shown by placing 
a formed electrode under an air pump and evacuating, whereupon 
a stream of minute bubbles escaped from the electrode. After 
this the resistance as anode was at first quite low, but rapidly 
increased to its initial value.'* 

When a formed electrode is used as cathode there is also a 
minimum potential difference at which a current will pass, which 
depends on the metal, the thickness of film, and the electrolyte.** 
Thus the minimum voltage of tantalum as cathode is 1.51 times 
that of aluminum formed at the sarm; voltage. If the ion con- 
centration is halved, the minimum voltage increases about 7 
percent. For tantalum formed at 85 volts the minimum cathode 
voltage for alkali cations is 10 volts, for hydrogen ions, 46.3 volts. 
The film therefore acts in the same way for a cathode as for an 
anode, and differs only in degree in the two cases. 

This applies only to metals whose oxides are not reduced to the 
metallic state at the cathode, such as tantalum, aluminum, and 
magnesium. The film is destroyed when the electrode is cathode 
for such metals as cadmium, zinc, antimony, and bismuth. 

The present theory why some protecting films have a valve 
action and others do not is that in rectifying films the solid part 
holds a thin layer of oxygen close to the surface of the electrode 
and that this oxygen layer is res{)onsible for the rectifying action. 
There is no explanation, however, why some solid protecting 
layers produced by electrolysis allow the formation of an oxygen 
film with this property, and why others do not. There is also no 
good explanation why the current flows more easily in one direction 
across the oxygen film than in the other. It has been suggested 
that the nnuson is that metals give up electrons more easily than 
anions, but decomposition points show that this is not so.^ 

' Schulze, Ann. d. Phys. 21 , 929 (1906). 

« Schulze, Ann. d. Phy.s. 24 , 43 (1907). 

’ (luthe, Phys. Rev. 16 , 327 (1902). 

* Schulze, Ann. d. Phys. 41 , 593 (1913). 

* Schulze, Z. Elektroeh. 20 , 592 (1914) and following discussion. 
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According to Guthe ^ the film is a kind of semi permeable mem- 
brane allowing the passage of some kinds of ions but not of others. 
This is not in agreement with the fact that a minimum voltage is 
required to pass an appreciable current even when the film is on 
the cathode, but it is suggestive that Guthe found unidirectional 
conductance with a scmipcirmeable membrane made from copper 
sulfate and potiissium ferrocyanidc. In the cell 

CulCuS04lK4Fe(CN)6lPt 

this membrane has a high resistance for the passage of the current 
from copper sulfate to cyanide, but hardly any in the opposite 
direction. » 

Protecting layers of oxygen can Ixi produced in the absence of a 
solid protecting layer at high current densities. If a short plati- 
num wire is electrolyzed at a high current density as anode in 
sulfuric acid with a largo lead cathode, the current is practically 
broken when the protecting layer of oxygen is formed. As there 
is nothing to hold it on the surface of the platinum wire, the current 
starts again, and this takes place with great rapidity. This is the 
Wehnelt interrupter sometimes used for induction coils. It does 
not work if the platinum wire is used as cathode, or without in- 
ductance in the circuit.^ 

Aluminum also shows rectifying action in fused salts, among 
which are nitrates, hydroxides, chlorates, and bichromates. The 
efficiency is said to be GO to <S0 percent.’ 

Chemical Passivity. — The chemically passive state was first 
observed by Keir '* who found that if a solution of silver in pure 
colorless nitric acid were poured on a piece of clean iron wire 
at first a precipitation of silver took place, but the action of iron 
on the liquid soon ceased and the silver redissolved. Sehdnbein 
showed that this state, which he called passive, could be pro- 
duced by electrolyzing iron as anode in solutions of oxygen acids. 

It has been shown above that nearly all metals depart consider- 
ably from their equilibrium electrode potentials when polarized 
anodically, though the anode still dis.solves with 100 percent cur- 
rent efficiency. If the electrode potential increases to such an 
extent that discharge of anions partly replaces solution of metal, 
or if the metal dissolves with a higher valence than corresponds 

> Guthe, Phys. Rev. 16, 327 (1902). 

» Wehnelt, Wild. Ann. 68, 233 (1899). 

» Hambuechen, U. S. Pat. 732, 631 (1903). 

< PhU. Trans. 80, 359 (1790). 

» Phil. Mag. 9, 53 (1836). 
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to its most negative equilibrium electrode potential, the metal is 
said to be passive. Passivity may therefore be considered an 
extreme case of polarization. 

Table 28 shows how chemical passivity manifests itself/ with 
a gradually increasing and then a gradually decreasing applied 
voltage. 

Table 28. Nickel Wire of 0.14 Sq.Cm. Surface in Normal H2S04 


Impressed 

VOLTAOB 

Time 

Current 

Amp. X 10« 

Electrode Potential or Anode 
Heferred to Hvdrooen 

0.0 

OvO 



- 0.070 

0.2 

2 

480 

+ 0.244 

0.3 

4 

750 

-1- 0.260 

0.4 

6 

1350 

+ 0.290 

0.5 

8 

3800 

+ 0.326 

0.6 

10 

7200 

+ 0.376 

0.7 

11 

13 

— 

0.7 

12 

6 

+ 1.225 

0.4 

18 

1.5 

+ 0.960 

0.16 

26 

0.1 

+ 0.735 

0.08 

34 

0.07 

+ 0.666 

O.Ol 

50 

0.04 

+ 0.590 

Open 

55 

1 

— 

-0.100 


It is seen that as the applied voltage increases the current 
increases for ten minutes and then suddenly drops, while the 
electrode potential simultaneously becomes much more positive. 
When the impressed voltage is reduced, in this experiment the 
current remained at a low value, but these results are not exactly 
reproducible, and in other similar runs the current gradually in- 
creased when the impressed voltage was low. Up to the point 
where the sudden drop in current takes place nickel ions go into 
solution ; but at this point the nickel electrode becomes charged 
with oxygen and further increase in voltage would result chiefly 
in the liberation of oxygen. When the circuit is opened nickel 
gradually resumes the active state. 

In nickel chloride solutions nickel remains active under condi- 
tions which would cause passivity in nickel sulfate. This shows 
that anions have a determining influence on the appearance of 
passivity of nickel ; the halogens oppose it, while oxidizing anions, 
including chromates, nitrates, and hydroxyl ions, cause passivity to 

* Fredenhagen, Z. phys. Ch. 63 , 32 (1908). 
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appear. The only cation that has any effect on the passivity of 
nickel is hydrogen, and this tends to prevent it. Nickel dissolves 
quantitatively in normal sulfuric acid at a curi'cnt density of one 
ampere per square decimeter, while in other sulfates it does not 
dissolve at half this current density.* 

Increased temperature tends in all cases to remove passivity. 

Iron behaves very much the same as nickel. Under certain 
conditions iron electrodes can l)o gotten into an unstable state in 
which they change back and forth from active to passive iron at a 
uniform rate. A cell made from two such electrodes placed in a 
solution of bichromate and sulfuric acid will give an alternating 
current if one is active at the time the other, is passive 

Finely divided iron made active by polarizing cathodically in 
potassium hydrate remains active as anode in this .solution, and 
changes to ferrous hydroxide when a current ])a.sses. Finely 
divided iron is the active material of the negative plate of the Edi- 
son accumulator. 

Cobalt can be made pa.ssive in solutions of certain alkali salts.’ 

Chromium exists in the bivalent and trivalent states in chro- 
mium salts and in the hexa valent state in chromates. If chromium 
is polarized as anode in dilute solutions, nearly all dissolves in the 
hexavalent state and then reacts with hydroxyl ions according 
to the equation, 

Cr«+ -f 8 OH- = CrOr- + 4 HoO. 

A piece of chromium made passive by anodic polarization is un- 
attackable by cold acids and gives no potential against platinum 
when the two are placed in chromic acid.** If the temperature 
is raised to near the boiling point, the velocity of formation of 
bivalent ions is increased so that nearly all dissolves as Cr+''' ions 
and the metal is now active. 

Some samples of chromium show a periodic change from the 
passive to the active state both as to the velocity of chemical 
solution in acid ^ and the electrode potential.* The cause of 
this is not understood. An alternating current cell can also be 

* Le Blanc and Levi, Boltzmann Febtechrift, p. 187 (1904). 

* Kistiakowsky, Nernst Festschrift, p. 224 (1912) ; Z. Elektroch. 16, 268 
(1909). 

» Byers, J. Am. Ch. Soc. 30, 1718 (1908). 

« Hittorf, Z. Elektroch. 4, 482 (1898) ; 6, 6(1899) ; 7, 168 (1900) ; Kuessner, 
Z. Elektroch. 16, 767 (1910). 

* Ostwald, Z. phys. Ch. 36, 33 and 204 (1900). 

* Brauer, Z. phys. Ch. 38, 441 (1901). 
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made with chromium electrodes, but the voltage change is not as 
great as with the iron-electrode cell mentioned above> 

If manganese is polarized anodically with 5 amperes per square 
decimeter in half-normal sulfuric acid, it goes into solution as 
bivalent ions, and the electrode potential changes in 218 minutes 
from ~ 0.6 to — 0.3 volt. At the same time both hydrogen and 
oxygen are given off, which is explained by assuming that some 
manganese dissolve's as univalent and as trivalent ions, which 
then react as follows : 

Mn+ -f H+ = Mn++ + \ 112, 

2Mn+++ + 2 OH- = 2 Mn++ -f II.O + i O 2 . 

In alkaline solutiofts manganese becomes passive and goes into 
solution with seven valences and then reacts with hydroxyl ions : ^ 
Mn7+ -h 8 OH- = MnOr + 4 H 2 O. 

Platinum shows the most marked case of passivity. It is so 
strongly passive that it was for a time supposed not to be capable 
of sending ions into solution. But even platinum anodes dissolve 
to a slight extent. This anodic solution is much increased by 
superimposing an alternating current on the direct.^ 

Gold anodes are passive in a solution of HAuCd 4 and chlorine 
is liberated on them Jis on platinum. The addition of hydrochloric 
acid or increased temperature removes the passive state. ^ 

The explanation of chemical passivity now most generally 
accepted is that it is due to a retardation of the velocity of that 
electrode reaction which takes place with the greatest free-energy 
decrease, and this retardation is due to the negative catalytic 
effect of the solid vsolutioii of an oxide of the anode metal on the 
surface of the anode.® This is somewhat similar to Faraday’s 
original explanation that passivity is due to a film of oxide, but 
accounts for the fact that no film can be detected. 

Discharge of Halogen Ions. — Fluorine decomposes water 
with the evolution of oxygen and ozone and cannot be obtained 
by electrolyzing aqueous solutions. 

^ Kistiakowsky, Nernst Festschrift, p. 224 (1912); Z. Electroch. 16 , 268 
(1909). 

• Kuessner, Z. Elektroch. 16 , 758 (1910). 

• Lorenz, Z. anorg. Ch. 12, 393 (1896). 

♦Marguies, Ann. Phvs. 66, 629; M, 540 (1898); Ruer, Z. Elektroch. 
9,235 (1903); 11,661 (1905). 

‘ Wohlwill, Z. Elektroch. 4 , 381 (1898). 

• Le Blanc, Lehrbuch der Elektrochemie, 3d ed., p. 237 (1903) ; Schoch, J. 
Phys. Ch. 14 , 719 (1910); Foerster, Elektrochemie todsseriger Lbsungen, 
p. 429 (1922). 
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The halogen overvoltages for different anodes are shown in 
Figure 45. ‘ 

Decomposition of Points. — If a gradually increasing voltage 
is applied to an unattackable electrode placed in a solution of an 
electrolyte, only a very small residual current flows until a certain 
value of the impressed voltage is reached. At this point the cur- 
rent begins to increase rapidly. This is called the decomposition 
point and its value is usually determined by making a graph of the 
impressed voltages jind the corresponding currents. Le Blanc 
was the first to dc'termine dccomi)osition points. Some of his 
results are given in Table 29.^ 


Tarlk 29. Db(’ompo.hition Points 


Salt 

Volts 

Salt 

Volts 

ZnSOi 

2.35 

Cd(NO,), 

1.98 

ZnBrj 

1.80 

CdS04 

2.03 

NiSOi 

2.09 

CdCI, 

1.88 

NiCl, 

1.85 

(V)S04 

1.92 

Pb(NO.), 

1.52 

(ViClj 

1.78 

AgNO, 

0.70 

II,S04 

1.67 


According to Westhaver,^ decomposition points (k'termined in 
this way are inaccurate because they de^x'nd on the sensitiveness 
of the galvanometer and the scale on which the results are graphed, 
but this inaccuracy disapficars if the logarithms of the current 
densities are used in place of the current densities themselves. 

Lc Blanc also found that for many metals, at the decomposition 
point the electrode potential of the indifferent electrode is the same 
as that which the metal would show if placed in the solution in 
question.^ This applies only to the small currents used in de- 
composition point as is evident from what has preceded on the 
cathodic polarization of metals. 

In carrying out an electrolysis it is always necessary to use a 
higher voltage than the decomposition voltage because of the 
ohmic resistance of the cell and on account of the increase in 
polarization with the current density. The ratio of the de- 

* Knobcl, Caplan, and Eiseman, Tr. Am. HUectroch. Soc. 43, 55 (1923). 

* Z. phya. (::h. 8, 299 (1891). 

» Z. phvs. Ch. 61, 65 (1905). 

< Z. phys. Ch. 12, 333 (1893). 
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composition voltage to the voltage required to give a current den- 
sity high enough for practical work is the voltage efficiency, and the 
product of this and the current efficiency is the energy effijciency. 

Electrolytic Reduction 

Every reaction taking place at a cathode is a reduction and 
every reaction at an anode is an oxidation, and in any electrolytic 
cell the two must be equivalent. In spite of the fact that all 
electrochemical reactions arc oxidations or reductions, it is con- 
venient to confine the terms oxidation and reduction to those cases 
where the products at anode and cathode are kept separate or 
where the desired product is made at only one electrode. 

If an oxidation does not take place with 100 fx'rcent current 
efficiency, oxygen is evolved, and hydrogen is evolved if a reduc- 
tion falls short of the theoretical. This gives a convenient method 
of following the current efficiency of these reactions by comparing 
the amount of hydrogen or oxygen given off by the experimental 
cell with that from a water coulometer during the same time. 
This gives the efficiency at the time of collecting the gas, and not 
the average efficiency which would be obtained by analyzing 
samples of the solution taken from time to time. 

Reduction may consist in (Ij removing ‘positive charges from 
ions, such as 

= Fe++ -f F or Fe'^'^ 4* H (nascent) = Fc'''+ + H+ ; 

(2) adding negative charges : 

CI2 - 2 F = 2 Cl- or CI2 + 2 II = 2 Cl~ -f 2 11+ ; 

(3) adding hydrogen ; 

C2H2 4- 2 H = C2H4, 

in 65 percent sulfuric acid at 100” C. (4) removing oxygen : 

NaC10 + 2II = Nad 4- 1X20. 

Both of the reactions given under (1) and under (2) probably take 
place at the same time, but all electrochemical reductions may be 
considered due to primarily deposited hydrogen. If the sub- 
stance to be reduced depolarizes rapidly, the concentration of 
hydrogen on the cathode will remain lx*low atmospheric pressure 
and reduction would then take place at an electrode potential 
which is more positive than that of a hydrogen electrode surrounded 


^ U. S. Pat. 711, 565 (1902). 
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by hydrogen at atmospheric pressure in the same solution. In 
this case the current efficiency will be close to 100 percent. If the 
depolarizer does not act rapidly, the hydrogen concentration on 
the cathode may increase to atmospheric pressure and partly es- 
cape from the cell, and the current efficiency may fall to zero. 

Both reductions due to change of charge and those in which 
hydrogen enters the reaction permanently are subject to chemical 
polarization or overvoltage. Though ferric iron is reduced to 
ferrous and ferrous is oxidized to ferric in simple salts with polar- 
ization due principally to concentration,^ this is not true of many 
other similar reactions, including the reduction of hydrochloric 
acid solutions of molyhdic acid to Mo+++ salts, of to ('1)^+ 
sulfuric acid solutions of titanic acid to Ti^+, and hydrochloric 
acid solutions of stannic to stannous salts.* The explanation 
of this may be that ions with high valences are at high dilution, 
are soon used up, and arc not reaclily produced from complex ions. 

An example of polarization where hydrogen is taken up by the 
oxidizing agent is a solution of (*hinon and hydrochinon, between 
which the following reversible reaction appli(\s : 

Cyi402 -f- 2 II ^ ^ ('6n4(()H)2. 

A mixture of chinon and hydrochinon gives a platinum electrode 
a definite potential just as does a solution of ferric and ferrous 
ions. This reaction do('s not take place instantaneously ; if hy- 
drogen is deposit'd on the electrode, it is not immediately removed 
by the reaction and the electrode potential is th(‘refore displaced 
from its equilibrium value according to the curves on Figure 46. 
The graph for th(‘ iodiikviodine electrode which shows only 
concentration polarization is added for comparison.^ Chin- 
hydron, an equimolecular compound of chinon and hydrochinon, 
was the initial solution. 

The ease with which a substance in solution is reduced depends 
on its concentration, and on the electrode material in two ways: 
(1) on the catalytic effect of the electrode material, and (2) on the 
overvoltage. If cathodes of different materials are polarized in 
a solution containing an oxidizing substance, it is found that re- 

» KaraofulanolT, Z. Elektrorh. 12, 5 (1906); Lc Blanc, Abhandlungen der 
deutschen Bunsen Oesollsehaft 3 , 21 (1910). 

‘Chileaotti, Z. Eloktroch. 12 , 146, 174, 197 (1906); Ott, Z. Elektroch. 
18 , 349 (1912) ; Diethelm and Foerster, Z. phys. Ch. 62 , 129 (1908) ; Foerster 
and Yamasaki, Z. Elektroch. 17, 366 (1911). 

• Haber and Iluss, Z. phys. Ch, 47 , 267 (1904). 
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duction begins to take place at different cathode potentials ; that 
is, there are relative overvoltages for reducing any given oxidizing 
agent just as there are for the deposition of hydrogen. This is 



Fkj. 40 . — Anodic and Cathodic Ovkhvoi.tauks fok tub 

ClIINHYDUON ElECTUODH AND FOH THE loDINE ElKCTUODB 

shown in Figure 47, which gives the current-density voltage curves 
of a normal solution of potassium nitrate for different cathodes.' 
It will be noticed that the voltages at which the current starts to 
increase rapidly on these metals is in the order of hydrogen over- 



Fia. 47. — Reduction of StiLUTioN of n-KNOi 
+ O.Ol-n-KOH 

voltage, but this would not be so for the reductions of other sub- 
stances. On platinized platinum electrodes the deposition of 
hydrogen takes place with greater ease than the reduction of 

» Mueller, Z. anorg. Ch. 26 , 31 (1901) ; also Russ, Z. phys. Ch. 44 , 641 
(1900). 
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nitrate, consequently very little reduction takes place on this 
electrode. When the reduction takes place more easily than 
deposition of hydrogen, the reduction increases in amount, as 
shown in Table 30. 


Table 30. n-KNOs. Anode and Cathode Current Density 
= 10 Amp./Sq.Dm. Temp. 15-20° C. Anode, Smooth Platinum 


Cathodk Mktal 

Pkrcent HvDHonKN Used in 
Reduction 

Platinized platinum 

15 

Smooth platinum 

76 

Iron • 

97.4 

Zinc 

96.5 


Reduction of nitrate takes place to about the same extent on 
iron as in zinc, though the electrode potential is lower on iron than 
on zinc cathodes, which must be due to the greater catalyzing 
effect of the iron electrode. 

Another example is that caffein is reduced more rapidly on 
mercury than on lead, while succinimid is reduced more rapidly 
on lead than on mercury, though the electrode potentials of both 
electrodes in pure acid are the same.^ 

Hydrogen overvoltage is of advantage in making the reduction 
of difficultly reducible substances possible by preventing the lib- 
eration of hydrogen in the gaseous state and thus reaching elec- 
trode potentials at which these difficult reductions take place. 

The relation between the potential required for the deposition 
of hydrogen and that for a reduction is similar to the cases illus- 
trated in Figures 36 and 37, where the reduction corresponds to the 
metal deposition. 

Catalysis in the Electrode. — In some cases reduction is facili- 
tated by the presence of a metal in solution that exists in two 
states of oxidation. The action consists in the electrolytic reduc- 
tion of the metal to the lower state, which then acts on the other 
substance reducing it and being itself oxidized. The cycle is then 
repeated. An example of this is vanadic acid, which catalyzes the 
reduction of chloric acid, changing back and forth from vanadic 
acid to trivalent vanadium salt. Without this addition the re- 
duction of chloric acid on platinum electrodes is very slow.^ 

^ Tafel and Naumann, Z. phys. Ch. 60, 713 (1905). 

> Luther, Z. Elektroch. 13, 437 (1907). 
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Titanium, copper, lead, mercury, and tin salts also act as 
catalyzers.^ 

In some cases the metal, in place of staying in solution during 
the cycle, is deposited at the cathode and reduces the substance 
in solution by its own oxidation from the metallic to the ionic state. 
Deposition and solution of the catalyzing metal takes place on 
the cathode simultaneously, but not at the same place. This 
might equally well be considered as a ciise of the catalytic effect 
of the metal of the cathode. 

On the other hand certain additions to solutions prevent the 
reduction of reducible substances. One of the most efficient of 
these is alkali chromate, when its concentration is 0.1 to 0.2 
percent of the electrolyte.^ The presence of a chromate pro- 
duces a thin fihn on the cathode of chromium oxide, which acts as a 
diaphragm. In strongly acid or strongly alkaline solutions, which 
dissolve this oxide, the protective action ceases. 

Calcium and magnesium salts in neutral solutions produce a 
diaphragm of the hydrates of these metals which prevent reduction. 
This action can Ix) improved by the addition of gelatin, starch, 
and white of egg ; they arc absorbed by the crystalline hydroxides 
and reduce the size of the crystals."’ Magnesium cathodes pre- 
vent reduction, probably by the formation of a thin film of hydrate 
or oxide. 

The effect of increased temperature is to increase the velocity 
with which hydrogen deposited on the cathode reacts with the 
depolarizer, and therefore a high temperature increases the current 
density which can be u.sed without evolving gaseous hydrogen. 
Since overvoltage decreases with increase in temperature it might 
be expected that for difficultly reducible substances requiring a high 
overvoltage an increase in teiiqierature would cause the current 
efficiency to fall, but no such case seems to have been found. 

The higher the current density the smaller is the concentration 
of the depolarizer on the surface of the cathode, and the more 
easily the depolarizer is reduced the higher the cuirent density 
can be without evolving hydrogen. Therefore easily reducible 
substances give good current yields with high current density, but 

'Elba and Siff>ermann, Z. Elektrocli. 7, 589 (1901); Chilesotti, Z. Elek- 
troch. 7, 768 (1901). , , 

* ImhofT, Germ. Pat. 110, 505 (1898) ; Mueller, Z. Elektroch. 6, 469 (1899) ; 
7,398 (1901); 8,909 (1902). 

* Mueller and Buchner, Z. Elektroch. 16 , 93 (1910). 

« Ft. Schmidt, Chem. Ztg. 33, 991 (1909). 
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substances difficult to reduce give better results with low current 
density. An example is the reduction of nitrobenzol in 70 percent 
alcohol containing 2.5 g. of sodium acetate to give an alkaline 
reaction. At the boiling point the nitrobenzol is reduced to 
azobenzol, CeHsN = NCeHs, with 95 percent current efficiency 
with a current density of 10 amp./sq. dm. When all nitrobenzol 
is used up hydrogen evolution begins, but if the current density 
is reduced to 2 to 3 amp./sq. dm. the reduction continues to 
hydrazobenzol, CsHsNH — NHCellB, with 90 percent current effi- 
ciency.^ 


Electrolytic Oxidation 

There are four kinds of oxidation corresponding to the four kinds 
of reduction ; 

(1) increase in the number of positive charges: 

Fe++ + F = Fc+++ or 2 Fc++ + 0 + H2O = 2 Fe+++ -f 2 OH"; 

(2) decrease in the number of negative charges : 

Mn04-“+F = Mn04- 

or 2 Mn04 — + 0 + H2O = 2 Mn()4 - -f 2 OH- ; 

(3) addition of oxygen : 

SO3-- + O = SO4 — ; 

(4) removal of hydrogen: 

C6H4(0H)2 + O = C,H40o + n^O; 

and (5) there is in addition a kind of oxidation to which there is no 
corresponding reduction, consisting in the doubling up of anions ; 
which can be represented by any of the equations : 

2 HSO4 - + 0 + 11,0 = H2S2O8 + 2 OH-, 
or 2SO4— + 2F = S208 — 

or 2HS04-+2F = H2S208. 

In (1) and (2) polarization occurs in amounts that vary greatly 
with the ions involved, Le Blanc found the results in Table 31 
by means of the oscillograph.* They apply also to reduction. 


» Elba and Kopp, Z. Elektroch. 6, 108 (1898). 

* Abhandlungen der deutschen Bunsen Gesellschaft, 3, 31 (1910). 
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Table 31. Polauization of Electrode Reactions 
Involving only Cmanije in (’marge 


Electrode 

Polarization in Millivolts 

PIntinuin Electrode 

tiold Electrode 

Normal iodine-iodide 

Scaroolv detectable 

Scarcely detectable 

0.01-«-iodine-iodidc 

i2-13 

12-13 

0.3 molal K 4 FcCy 6 - KjFeCy# 

Seaieelv deleefable 

Scarcely detectable 

0.01 molal K4FcCy6- KaFe(.’y« 

20 

18.5 

0.05 molal KMn 04 - K 2 Mn 04 

3.5 

5.0 

0.5 molal Fe2(S()4)3 - FeS 04 

Searcelv detectable 

— 

0.01 molal Fo2(S()4)a - Ft'S 04 

113 

20 

0.1 molal thallo-thallinilralc 

290-730 

520-800 

0.16 molal ccro-cerisiilfale 

370-580 

420 


Reversible organic reactions corr(*spon(ling to (3) and (4) 
generally show more chemical polarization than (1) and (2) as 
shown by the graph for chinon-hydrochinon mixtures in Figure 46. 
Un-ionized organic bodies also react slowly with oxygen when the 
anode first becomes charged with oxygen, and consequently 
oxygen soon is evolved on the anode. This (‘auses a further rise 
in the electrode potential difference, with the result that the 
oxidation becomes too powerful and is apt to oxidize the sub- 
stance to carbon dioxide and water, tlu* limit of oxidation.^ 
For this reason electrolytic oxidation has not l)een much used for 
the oxidation of un-ionized organic substances. p]xamples where 
electrolytic oxidation can be used are the oxidation of hydrochinon 
to chinhydron, CflH 402 C 6 n 4 ( 011 ) 2 , an intermediate product be- 
tween hydrochinon and chinon, w'hich takes place quantitatively, 
on platinum electrodes,'^ and the oxidation of aliphatic alcohols, 
aldehydes, and ketones. 

That electrolytic oxidation is more powerful than any chemical 
oxidizing agent is shown by the fact that such bodies as persul- 
furic acid can be made in this way alone. The intensity of 
electolytic oxidation can be modified by 8Uf)erimpo8ing an alter- 
nating current on the direct. 

As in the case of electrolytic reduction, in oxidation the yield 
is dependent on the concentration of the substance to be oxidized 
and on (1) the catalytic effect of the anode material and (2) on the 

* See Foerster, Elektrochemie umsseriger Lomngen, p. 807 (1922). 

* Liebmann, Z. Elektroch. 2, 497 (1892). 
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oxygen overvoltage. A sufficiently high overvoltage is necessary, 
for in order to get a good efficiency it should of course be more 
difficult to liberate oxygen than to oxidize the depolarizer. An 
example of the catalytic effect of electi’odes is the oxidation of 
chromium salts to chromic acid in sulfuric acid solution. The 
electrode potential difference of platinum anodes in an acid solu- 
tion of a chromium salt is a little greater than that of a lead dioxide 
anode at the same current density, and still there is scarcely any 
oxidation to chromate on smooth platinum while on lead it takes 
place readily. On platinized platinum the potential difference is 
less than on smooth during this electrolysis, and yet the current 
yield is about one third of that on lead dioxide electrodes under 
similar conditions.^ 

Catalysts also affect electrolytic oxidations. While hydro- 
chinon is oxidized to chinhydron in aqueous sulfuric acid solu- 
tion as stated above, if a manganese salt is added the final product 
is chinon.2 

Increase in bunperature increases the velocity of depolarization 
for oxidation as it dws for reduction, and it also reduces the over- 
voltage so that such high electrode potentials are not reached as at 
lower temperature. P"or substances reducible only at high elec- 
trode potentials this second effect may outweigh the first. Thus in 
a 2-n-K()H, l-n-NaCOOH solution an increase in temperature 
from 16° to 75° lowers the yiedd from 95 percent to 10 percent on 
smooth platinum with a corresponding lowering in th(‘ cell voltage 
from 2.75 to 1.7 volts, but on iron anodes the same temperature 
rise increases the yield from 15 to 31 percent, while the cell 
voltage drops only from 1.99 to 1.83.‘’ 

The concentration of hydroxyl ions has an effect on electrolytic 
oxidation in two ways: (1) it is one of the factors in determining 
the electrode potential of an oxygen electrode, and (2) it may 
change the nature of the substance to l)e oxidized. The electrode 
potential of an oxygen electrode is higher in an acid than in an 
alkali solution l)ecause of the small number of hydroxyl ions in 
acid, and other things l)eing equal a stronger oxidation would take 
place in acid than in alkali. If organic acids, which are slightly 
dissociated, are oxidized in acid solutions, it is principally the 
molecule that is exposed to the action. If, however, an organic 
acid is dissolved in an alkali, it changes to the highly dissociated 

^Mueller and Sollcr, Z. Eloktrooh. 11 , 863 (1905). 

*Gerni. Pat. 117, 129 (1900). 

* Fcx’rster, Z. phys. Ch. 69 , 265 (1909). 
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salt and the anion of the salt is oxidized. As an example may be 
mentioned that alkaline acetate solution is easily oxidized while 
acetic acid in a sulfuric acid solution is not oxidized at all in 
spite of the higher electrode potential in this ease.^ 

Increase in current density has two opposing effects on electro- 
lytic oxidation. (1) It increases the electrode potential and con- 
sequently the intensity of the oxidizing power, but (2) in case 
no oxygen is lilxirated at low current density, an increase in current 
density may so diminish the concentration of the depolarizer that 
oxygen evolution starts and the current efficiency falls. If oxygen 
is evolved from the start, the first may overbalance the second 
effect and increased current density may increase current efficiency. 
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PART II 

APPLIED ELECTROI^HEMISTRY OF AQUEOUS 
SOLUTIONS 




CHAPTER VII 

ELECTROCHEMICAL ANALYSIS 

There are four different electrical methods of quantitative 
analysis. These are (1) potential measurements, which j^ive a 
means of determining the concentrations of ions too dilute to 
determine gravimetrically ; (2) conductivity measurements, which 
is a method very convenient for determining concentrations of 
solutions ; (3) titration with a galvanometer in place of an ordinary 
indicator, and finally (4) the ordinary electroanalysis, in which 
the metal is deposited on a platinum electrode and weighed. 

Potential Measurements. — The principle of the first method 
has been explained in Part I. It consists in calculating concen- 
trations by the Nernst equation from electromotive force meas- 
urements. For example, in place of calculating the electromotive 
force of the cell, 

Agisol. AgNOalsol. KNOalsol. KCl, AgCl solid|Ag, 

from concentrations of silver ions in the two solutions, as on 
page 71, the electromotive force can be measured and the un- 
known concentration calculated. This would then give a method 
of finding the solubility product of silver chloride and from this 
the solubility of silver chloride in water. 

Conductivity Measurements. — The principle involved in an- 
alyzing a solution by conductivity measurement ^ is the same as 
when any other physical property, such as siwcific gravity, is used 
for the purpose ; that is, the relation between the conductivity and 
quantity of substance in solution must Ix^ known. These data 
have already been obtained in a large numt)er of cases and have 
been collected by Kohlrausch and Holborn. If the solution 
contains a single electrolyte whose conductivity at given concen- 
trations has already been determined, all that is necessary is to 
interpolate graphically or arithmetically in the table. If, how- 
ever, there is a maximum conductivity, as is generally the case, 

* See Kohlrausch and Holborn, Das Leilvermdgen der EleHrolyle, p. 131 ; 
Keller, Tr. Am. Electroch. Soc. 38, 113 (1920). 
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there would be two possible concentrations for a given value of the 
conductivity. It is easy to tell on which side of the maximum 
such a solution lies by diluting a little and redetermining the 
conductivity. If the solution were more dilute than corre- 
sponds to the maximum value, further dilution would decrease the 
conductivity ; if less dilute, the conductivity would be increased. 
In case the solution has a concentration near that of maximum 
conductivity, wh(;re the determination would be inaccurate, it can 
be diluted enough to remove it from this point, and the contents of 
the new solution determined. From this the concentration in 
the original one can be calculated. 

This method has been shown to be useful in the determination 
of impurities in sugar and of mineral waters.^ On account of the 
fact that the equivalent weights of the impurities likely to be 
present in mineral waters vary only within certain limits, it has 
been found that the quantity of the impurities can be estimated 
with a fair degree of accuracy from conductivity without analyzing 
the water to see which of the usual impurities are present. 

This method is also useful in the case of mixtures of two salts 
when the conductivity of the mixture is the arithmetical mean of 
the single conductivities. This is often the case with nearly rel^ited 
compounds, which are generally difficult to separate chemically. 
For two substances for which this rule holds, having at equal 
concentrations the specific conductivities ki and ko , the con- 
ductivity of a mixture of the same total concentration would have 

the conductivity k = By this means it has been 

Pi + P2 

found possible to analyze satisfactorily mixtures of potassium 
chloride and bromide, and sulfates of potassium and rubidium.*^ 
Conductivity has also been applied extensively for the deter- 
mination of the solubility of very insoluble salts. 

Titration with a Galvanometer. — The use of a galvanometer as 
an indicator depends for the end point either on a sharp change in 
the resistance of the cell containing the solution titrated or in the 
change in the electrode potential of an electrode dipping in the 
solution. An example of the first case is the titration of silver 
nitrate with a standard solution of potassium chloride.^ A meas- 
ured quantity of a standard solution of potassium chloride is 

» Reichert, Z. f. anal. Gh. 28,1 (1889). 

* Erdmann, B. B. 30, 1175 (1897). 

• Salomon, Z. f. Elektroch. 4, 71 (1898). 
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placed in a beaker with two silver electrodes. In series with the 
two electrodes are connected a galvanometer and a source of elec- 
tromotive force, which must be less than the decomposition value 
of the potassium chloride. On closing the circuit, only a very 
small residual current will l)c detected. On adiling a little of the 
silver nitrate to the solution, silver chloride is precipitated, and 
a certain amount of silver ions, corre.sponding to the solubility 
of the chloride, will be in solution. We now have the cell 


Ag|Ag(1 solution !Ag, 

which has no decomposition point, but the qiiantity of silver is 
so small that the large resistance' prevents the current from in- 
creasing to any great extent. As nitrate is addeel, the quantity 
of silver in solution changes very little until the last of the potas- 
sium chloride is used up. The first drop of silver nitrate in excess 
now increases the silver ions enormously, and there is a corre- 
sponding large increase in current, due to the reduced resistance of 
the cell. The following table shows the sharpness of the change. 


Cunic Ckntimetkuh of AoNOi 

fJAl.VANOMKTr,U llKADlNO 

3.00 

15 

4.40 

20 

5.00 

16 

5.50 

21 

5.60 

20 

5.6,5 

1 

42 


The use of a galvanometer as indicator when the ek'ctromotivc 
force changes suddenly at the end point is illustrated by the follow- 
ing examples : ^ Suppose two bi'akers, one cont aining a tenth- 
normal solution of mercurous nitrate, the other a d(*finite quantity 
of mercurous nitrate solution to be titrated, are conneckd by a 
siphon containing tenth-normal potassium nitrate. The bottom 
of each beaker is covered with a layer of mercury which makes 
contact with a platinum wire sealed in the glass. Such a cell 


RT Cl 

would have the electromotive force log where Ci is the con- 

F 1 2 

centration of the mercury ions in the tenth-normal solution and Cj 


' Behrend, Z. f. phys. Ch. 11, 482 (1893). 

For the titration of the halides in the presence of one another, see also 
Willard and Fenwick, J. Am. Ch. Soc. 45 , 623 (1923). 
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is their concentration in the unknown solution. If Ci is equal 
to Cj, the electromotive force would be zero, but in general C\ and 
Ci would be somewhat different, so that there would be a reading 
in a galvanometer connected across the terminals of the cell. If 
a standard solution of potassium chloride is now added from a 
burette to the unknown solution, the concentration C 2 will be dimin- 
ished, due to the precipitation of the mercury, and consequently 
the electromotive force will increase. As the end point is ap- 
proached the change in electromotive force for each drop of 
potassium chloride added will be greater and greater, because of the 
larger percentage change in the concentration. With the drop 
of chloride which throws out the last of the mercury, the percentage 
change will be the greatest of all, and there will be a corresponding 
change in the reading of the galvanometer. The quantity of 
mercury ions now in the solution is due to the solubility of the 
mercury chloride. Since this solubility is diminished by adding 
a salt with a common ion, the electromotive force will continue to 
increase slowly on adding more chloride, but no further sudden 
change will occur. This change then indicates the end point. 
It is evident that this method would serve equally well to determine 
the strength of the chloride and that the titration can be carried 
out, starting with potassium chloride in one beaker in place of 
mercury nitrate. In this case there would be a decrease in voltage 
at the end point instead of an increase. Bromides can Ix' titrated 
as well as chlorides, but a sharp end point is not obtained with 
iodides. 

Since the determination of the end point depends on the con- 
centration of the ions, the final volume of the solution must be 
kept within such limits that a drop of the solution from the burette 
will cause a marked change in the galvanometer reading. Starting 
with tenth-normal solutions, for this reason the final volume should 
not exceed 30 cubic centimeters, and therefore not over 10 cubic 
centimeters of the unknown solution should be taken for analysis. 
Since the end point can l)e obtained only to 0.05 cubic centimeter, 
this means an accuracy of 0.5 percent. In titrating potassium 
chloride the change in voltage at the end point is from 0.1 to 0.15 
volt ; in the case of the bromide it is 0.2 volt. Silver electrodes and 
silver nitrate can be used in place of mercury and mercury nitrates, 
and by this arrangement it is possible to determine directly the 
iodine in the presence of chloride and bromide, if an ammoniacal 
solution is used. Silver iodide, unlike silver chloride and bromide, 
is nearly insoluble in ammonia. Therefore on adding silver nitrate 
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to an ammoniacal solution of potassium chloride, bromide, and 
iodide, only the silver iodide will precipitate. When all the silver 
iodide is precipitated, there is a sudden change in the galvanometer 
reading. On acidifying, the combined amount of chloride and 
bromide may be determined. If also the total quantity of silver 
chloride, bromide, and iodide is weighed, the original amount 
of potassium chloride, bromide, and iodide can be calculated. 
This procedure, however, is not very accurate for the chloride and 
bromide, as is shown by the following analyses.^ 



Giums Taken 

Amount Found 


Gramm Taken 

Amount Found 

KCl 

0.0223 

0.0246 

KCl 

0.0-148 

0.0431 

KBr 

0.0359 

0.0314 

KBr 

0.0354 

0..3800 

KI 

0.0662 

0.0666 

KI 

0 0167 

0.0169 


0.1244 

0.1226 


0.09()9 

0.0980 


An exactly similar method has been shown to Ix' useful in the 
titration of acids and bases,^ and for the determination of hydrogen 
ion concentrations in soils and waters. Neglecting the small 
potentials duo to the liquid-liquid junctions, the electromotive 
force of the cell 

Pt -f HjI jncutral saltl |Il 2 -h Pt 

1 atm. |conc. Ci| |conc. C'i\ 1 atm. 

is given by the equation 



If alkali is now added to one of those acids, the hydrogen ion con- 
centration diminishes, causing a gradual increase in the electro- 
motive force. As in the ca.ses described above, there will be a 
sudden change in the galvanometer reading when the end point is 
reached. The hydrogen electrode is shown in Figure 48,^ and con- 
sists of palladium-plated gold, which gives more constant values 
than platinized platinum. The concentration of the hydrogen 
soon becomes constant in the electrode, as it is not absorbed by the 

» Behrend, Z. f. phys. Ch. 11, 482 (1893). 

F,or the titration of the halides in the preseneo of one another, see also 
Willard and Fenwick, J. Am. Ch. Soc. 45, 623 (1923). 

» W. Bdttger, Z. f. phys. Ch. 24 , 253 (1897). 

» Hildebrand, J. Am. Ch. Soc. $6, 847 (1913). 
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gold at all. 


I 



In place of a hydrogen electrode as standard in the 
above cell, a normal elec- 
trode would do equally 
well. 

In carrying out a ti- 
tration, the acid or alkali 
to bo titrated is placed 
in a beaker and the hy- 
drogen el(‘ctrode put in 
position so that the 
palladium-plated gold is 
partly immersed. This 
electrode is then con- 
nected with the stand- 
ard electrode and with 
some moans for meas- 
uring the electromotive 
force ; for example, a 
Lipprnann electrometer 
and slide-wire bridge. 
Hydrogen is then bub- 
bled over the hydrogen 
electrode till a constant 
potential is reached, 
which should require 
only a few minutes, and 
then alkali or acid, as 
the case may be, is 
added from the burette. 
After each addition the 
liquid is stirred up and 
the potential measured. This will be found to increjuse gradually 
till the end point is reached, where there will be a sudden change 
in the potential. 

Figure 49 ‘ shows the change in electrode potential at the end 
point on titrating hydrochloric acid and acetic acid with sodium 
hydrate, and the hydrogen-ion concentrations corresponding to the 
voltages of the cell, which consists of a hydrogen electrode and a 
normal calomel electrode both dipping in the solution titrated. 

The determination of hydrogen-ion concentrations by means of 
the hydrogen electrode has becrfnie quite common in biology and 
‘ Hildebrand, J. Am. Ch. Soc. 36 , 847 (1913). 




Fia. 48. — HiLDEnRANO Hydrooen Electrode 
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in water and soiJ analysis.* Complete apparatus designed for this 
purpose can lx; obtained 


ready for use. 

In expressing the concen- 
tration of hydrogen ions in 
such analyses it is customary 
not to give the concentration 
but rather log l/C^ and this 
is designated pll. Thus the 
concentration pH of hydro- 
gen ions in pure water is log 
1/10-' = log 10' = 7. 

It has been shoAvn in Part 
I that the oxygen electrode 
does not give the true elec- 
trode potential of oxygen. 
The oxygen electrode, and 
the air electrode, have how- 
ever been found useful in 
some cases, 2 such as for an- 
alyzing mixtures of chromate 



Fig. 49. — Tituatign with a Galvanom- 

KTKU AH InOIOATGU 


and dichromate. These do 


not of course give the hydrogen-ion concentration with the accu- 


racy of the hydrogen electrode. About 0.5 on th(‘ scale explained 
above is the best that can be done. 


Electroanalysis, — h^lectroanalysis is the fourth electrical 
method of analysis and consists in depositing the metal by elec- 
trolysis and weighing the deposit. This method of analysis was 
first pointed out by Cruikshank in KSOl but was very little used 
until the time of Walcott Gibbs ^ and of Luckow.^ 


The conditions under which metals are deposited from solutions 
of constant composition in forms suitable for weighing have already 
been explained, but in electroanalysis the concentration of the 
solution with respect to the metal deposited is not constant, and 
the solution may change in other respects, so that it does not 


necessarily follow that a metal can be determined by electroanaly- 


‘ Gillespie, J. Wash. Acad. 6, 7 (1916) ; W. W. dark, 7'he Determination oj 
Hydrogen Ions, Baltimore (1920); Leed & Northrup Company's Catalog 
No. 75 (1920), Philadelphia. 

* Furman, Tr. Am. Electroch. Soc. 43 , 79 (1923). 

>Z. analn. Ch. 3 , 334 (1864). 

♦ Ding, polyt. J. 177, 296 (1865). 
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sis because a good deposit is obtained from a solution of a certain 
concentration. Therefore electroanalysis requires a brief special 
• discussion. 

As stated above, the condition for the deposition of a metal is the 
following : 

log log (1) 

J'F Pm F Pif^ 

(1) Suppose we have an acid sulfate solute of a metal for which 
is much smaller than P^^, to be electrolyzed between platinum 

electrodes. It is clear that iis the metal deposits diminishes 
and the electrode potential of the metal becomes more negative. 
Furthennore as the salt is decomposed sulfuric acid is set free 
and the electrode potential of hydrogen becomes less negative. 
It is therefore evidently impossible to deposit a metal completely, 
because the electrode potential of the metal must eventually equal 
that of hydrogen when the concentration of the metal becomes 
very small and the current then divides between hydrogen and 
metal. There arc many metals for which Pm is so small that 
this does not happen until all metal except 0.1 mg. or less is de- 
posited, which is less than the error of weighing, and is therefore 
sufficiently complete. These metals which can be determined 
quantitatively by electrodeposition, even from acid solution, 
include copper, silver, mercury, and bismuth. 

(2) It is also possible to deposit a metal quantitatively, even if 
its molal electrode potential is more negative than that of hydro- 
gen, by making the electrode potential required for the deposition 
of hydrogen more negative than that of the metal. This can be 
done by decreasing the value of or by increasing or both. 
Another method is to reduce Pm by depolarization by using a 
mercury cathode, which at the same time gives tjh a high value. ^ 

In depositing a metal of this kind the relative amounts of current 
used to deposit hydrogen and metal vary with the values of 
Vh) PMt Pm and all of these quantities vary with time as the 
electrolysis proceeds. When pj^ becomes small nearly all of the 
current is used to deposit hydrogen, but this increases rjjf with the 
result that more of the metal deposits. irj„ can be still further 
increased by increasing the current as is frequently done toward 
the end of a deposition. The fact that at this stage most of the 
current is used to deposit hydrogen is the reason it takes longer 
to deposit a metal whose electrode is about equal that of hydrogen. 

^ E. F. Smith, Electroanalysis, p. 63 (1918). 
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The possibility of determining cadmium from a solution 2-normaI 
in sulfuric acid is due to its high overvoltage for hydrogen, which 
in a solution normal in cadmium sulfate and 2-normal in sul- ^ 
furic acid makes the voltage required to deposit hydrogen 0.4 
to 0.6 volt more negative than that required for cadmium.’ The 
corresponding value for zinc is only 0.2 volt, which is not sufficient 
for a quantitative separation, though zinc will deposit to a certain 
extent in a dilute, slightly acid solution. 

For nickel the relation between the electrode potentials of metal 
and hydrogen are such that nickel can Ix' deposited quantitatively 
from a neutral or slightly acid solution at a low current efficiency. 
The value of rjj^f is high and of n],, is low, so that though nickel 
is less negative than cadmium it takes longer to deposit quantita- 
tively.2 By heating to 75° C. is reduced and the determination 
much facilitated.^ It is of advantage also to neutralize the acid 
from time to time as formed by the decomposition of the salt. 

If hydrogen-ion concentration must l>e reduced still more, alka- 
line solutions must be used. The heavy metals arc precipitated 
as hydroxides in alkaline solutions, but in some cases can lx? re- 
dissolved as complex salts by an excess of alkalinity. The for- 
mation of complex salts also reduces and can therefore be of no 
advantage unless the reduction of j),f is greater than that of as 
it is in a number of cases. Thus by changing cadmium to the 
cx)mplex ammonia salt cadmium l)ecomes 0.2 volt more negative, 
but hydrogen in this solution Ixjcomes 0.5 volt more negative, 
which is a gain of 0.3 volt in the right direction.'* 

Where a metal is not soluble in alkali, other complex salts can 
be used from which the addition of alkali does not precii)itate the 
hydroxide, or which have an alkaline reaction of their own, as 
potassium cyanide does. Other complex salts used in electroanaly- 
sis are sulfo-salts, such as K 2 SnS 3 , and compounds with salts of 
the alkali metals of oxalic, tartaric, citric, and pyrophosphoric 
acids. The complexity of a salt increases as the metal is deposited, 
because this leaves the complex-forming salt in large excess, and 
in some cases this excess has to l)e destroyed by the current before 
the metal can be completely deposited. This of course makes 


‘Beyer, Dissertation, Dresden (1906); Foerster, Ekdroctwmie wOsseriger 
Ldsungen, p. 457 (1922). 

* Denso, Z. Elektroch. 9 , 468 (1903). 

•Schade, Difwertatiou, Dresden (1912); Foerster, Ekctrochemk wOwen^ 


Ldsungen, p. 457 (1922). 

* Treadwell, Elektroanalyiische 


Methoden, p. 126 (1915). 
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the process slow, but it can be speeded up by increasing the temper- 
ature. In depositing copper from a cyanide solution this increased 
rapidity is due to a reduction in by the higher temperature. 
Other effects can be added to this as in the deposition of nickel 
from oxalate solution. Here high temperature increases the 
speed of oxidation of oxalate to ammonium carbonate, with the 
change of nickel from the complex Ni(C204)2 — to Ni(NH3)6‘'' + 
from which it is more easily deposited.^ 

Another reason for using complex salts is that they give smooth 
coherent deposits. In general, however, complex salts should be 
avoided when possible as they frequently cause too high a weight 
by l)eing included in the deposit. 

Of the mineral acids, sulfates are the best solutions to use 
because hydrogen is depolarized in solutions of chlorides and 
nitrates and the effect is then the same as though the concentration 
of acid were much increased. 

In the separation of one metal from another, whose molal elec- 
trode potentials are on the same side of hydrogen, these must be so 
far apart that the concentration of one can be reduced to the de- 
sired amount before its electrode potential becomes as negative as 
that of the other metal. A voltage is applied to the cell sufficient 
to deposit the less negative metal practically completely but in- 
sufficient to deposit the second.^ 

When the electrode potentials of metals are on opposite sides of 
hydrogen, a constant current can be used, for when the less negative 
metal is completely deposited the current deposits hydrogen in 
place of the other metal. The relative values of electrode poten- 
tials of metals and of hydrogen can often be altered so as to make 
the electrode potential of hydrogen fall between those of metals 
whose molal electrode potentials are on the same side of hydrogen. 
An example of this is the separation of zinc from cadmium in an 
ammoniacal solution containing ammonium nitrate. The nitrate 
depolarizes hydrogen and neutralizes its high overvoltage on cad- 
mium so that the deposition voltage of hydrogen lies between that 
of cadmium and zinc in this solution and these two metals can be 
separated with a constant current.^ 

In carrying out electroanalyses a platinum dish is generally used 
as cathode and an anode of platinum wire, as shown in Figure 50 . 

' Frueh, Dis.sertation, Dresden (1911); Foerster, Eledrochemie wdsseriger 
Ldsungen, p. 459 (1922). 

» Freudenberg, Z. phys. Ch. 12, 97 (1893). 

* Treadwell, Elektroanalyiische Methoden, p. 190 (1915). 
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Stirring can be accomplished by rotating the anode and is very 
important as a means of reducing the time required for analysis. 
Copper determinations arc carried out in 20 minutes ‘ with stirring 
which would require 3 hours without. 
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CHAPTER VIII 


MATERIALS USED IN CONSTRUCTING 
ELECTROLYTIC CELLS 

Unattackable Electrodes. — In the extraction of metals and in 
all electrolytic work except nH‘tal refining, anodes are used which 
are not intended to dissolve. No anod(', howev(‘r, is entirely 
unattackable, and the material selected dejxuuis on the nature of 
the solution in which it is to be used. 

Platinum is, perhaps, the most universally usable of any mate- 
rials, especially when alloyed with 10 percent of iridium.^ Elec- 
trolysis of this alloy as an anode in concentrated sodium chloride 
with a current density of 30 amp./sep dm. and the passage of 
1200 amp. hr. at 80° C. caused a loss of only 0.5 mg. ])er sq. dm. 
In hydrochloric acid a )datinum anode is attacked more at a low 
than at a high current demsity, because at a high current density 
the acid in contact with the (dectrode becomes more dilute. With 
a current density of 2.76 amp./ sq. dm. in 32.5 percent hydrochloric 
acid at 25° (J., 10.79 percent of the current dis.solves platinum. If 
the current d(msity is 200 amp./sep dm., platinum is unattacked.* 

For some work platinum black has been found superior to 
smooth platinum on account of the saving in voltage, but platinum 
black does not last well. On heating, it turns to gray platinum, 
and it has been found that if this is done at a low temperature, 
gray platinum lasts well and saves about 80 percent of the voltage 
saved by platinum black.^ 

Graphite and carbon arc used as unattackable anodes in solutions 
which do not evolve much oxygen, for (‘xample, in the electrolysis 
of sodium chloride. Graphite is very slightly attacked by chlo- 
rine. 

Table 32 shows the extent to which Acheson graphite and amor- 
phous carbon are attacked in different solutions. 

1 Denso, Z. Elektroch. 8, 149 (1902). 

* Haber and Grindbcrg, Z. anorg. Ch. 16 , 440 (1898) ; Bran, Z. Elektroch. 
8, 197 (1902). 

«Gcibel, Z. Elektroch. 12 , 817 (1900). 

173 



174 THEORETICAL AND APPLIED ELECTROCHEMISTRY 


TABIiK ‘^' 2 . Cahbon and Aciibson Graphitb Anodks* 



PtHCENT Current Efficiency of Oxidation of Anode 

lOLKCrUOL^TE 



(inipliito 

Amorphous Carbon 

‘i-n-NaOH fS percent) 

2 

.50-78 

20 percent NaCl withonl 



diaphragm, containing 



chromate, 60° 

7.4 

12-^11 

20 pereent lbS() 4 , 1H° ( '. 

91 96 

K.)-97 


In sodiluii hydrato the* (‘hadrodi' jxitontial at which oxygen is 
evolv(‘d is li'ss than in acid and graphite is much less attacked 
than in acid. In acid, graphite is alwut as badly attacked as 
amorphous carbon. 

By impregnating carbon with a solution of cobalt, the anodic 
voltage can Ix' nnlucc'd s(‘veral tenths of a volt in sodium hydrate 
solutions, d'ho cobalt jK'roxide deposited in tlu* pores catalyzes 
the oxygen ('volution, and ivduces the o.xidizing intc'iisity.* 

It has been found that partially graphitized electrodes consisting 
of 75 jx'rcent graphite and 25 ix'rcent amorphous carbon show the 
least loss in weight, when used as anodi's in sodium chloride solu- 
tions.'* These (‘h'ctnxh's are made by incomplete' graphitiza- 
tion. They were b'sted by electrolyzing as anodc's in a sodium 
chloride solution containing 250 g. Na(1 and 20 g. chromate jx'r 
liter with a current de'nsity of 0.7 amp./s(|. dm. After the passage 
of 150 am|x're hours the lo.^s in w(*ight was de'termined. 

Both amorphous carbon and grai)hite are porous, so that elec- 
trolysis takes place not only on the surface but also within the 
pores. From 18 to 20 jx'rcent of the volume consists of |X)res. 
This can be determined by the amount (jf water absorbed. The 
sarnide .should In' hi'ated to about 200° (’. and plunged (piickly 
in cold water so as to fill the pores with water. The surface is 
th('n dried and the volume of the sample determined by immersing 
in water in a burette. This gives the volume ; from this and the 
weight dry the apparent s|X‘cific gravity b is calculated. The 
true si)ecific gravity a is found by boiling small pieces of known 
weight in a jjyknometer to remove air, cooling, and filling the 

' F(X?rstt'r, Z. Kkktroch. 8, U(> (1902). 

Diiwc'rt.'ition 1910. in FiMTstcr, Elektrochemie ttxti^seriger Losungen, 
p. 451 (1922). 

* Arndt and Fohsc, Z, K!«‘lvtrocli. 28, ,‘170 (1922). 
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pyknometer and weighing.* The percent porosity is then 


Anodes of fused nuagnetite have been used in the electrolysis 
of sodium chloride and in electrolyzing copfR'i* sulfate solutions. 
Hollow castings are made by pouring out the liquid inner part after 
a sufficient thickness of wall has solidified. The inside surface 
is copper plated to improve the conductance, which is rather low.^ 

These electrodes are very brittle, and are not (mtirely insoluble 
in 10 percent sulfuric acid. The addition of copper oxide makes 
stronger electrodes, and the improvement is pro])ortional to the 
amount of copf)er oxide added up to 20 ix'rcent, the highest |)cr- 
cent tested.'* 

Magnetite electrodes last for years as anodes in jilkali chloride 
electrolysis without any apparent loss in weight.* 

Ijoad anodes are scarcely to be distinguisluai from lead jx‘roxide, 
because lead becomes cov('re(l with the }K‘roxide on electrolyzing 
in an acid solution. Sometimes the peroxide layc'r is formed in a 
special solution. (See page 207.) They are us('d in sulfatn solu- 
tions where chlorides, nitrates, and other substances that form 
soluble lead salts are absimt. 

Manganese dioxid(' can be mad(^ in the form of plab's which arc 
said to Ixi remarkably resistant chemically. Manganese nitrate 
alone, or mixed with manganesi* dioxide, is molded in the proper 
form, peroxidized lead rods are inserted for connections, and the 
mixture is heated to 140"^ to 200° (\ Manganese nitrate decom- 
poses and forms a firm cake of fairly well-conducting dioxide.^ 

Both iron and nickel can lx? used as anodes in alkaline solutions. 
Duriron, a ferrosilicon alloy containing 13 {x?rcent silicon, was 
formerly used in sulfate solutions containing small amounts of 
chloride and nitrate, in which lead could not l)e used, in copper 
extraction at Chuquicamata, Chili. These anodes are brittle, and 
corrode at the rate of 5 to 6 percent of the wedght of copper de- 
posited.® In this solution ordinar>^ lead would have a corrosion 

* Zellner, JXe Kunstlichen Kohlen, p. 243 (1903). 

» Speketer, B. B. 42, 2899 (1900) ; E. Mueller, Z. angew. Ch. 28, 210 (1910). 

*Tliomp8on and Atchison, Tr. Am. Electroch. 3<)c. 31, 213 (1917). 

* Askenasy, Techmsche Elektrochemie, 2 , 251 (1916). 

‘ Siemens and HaLske, Germ. Pat. 221,130 (1910) ; 235,234 (1911) ; Engel- 
hardt, Metallurgie, 7, 4 (1910). 

* Fink and Eldridge, Tr. Am. Electroch. 40, 51 (1921). 
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loss equal to 65 percent of the copper deposited, but if alloyed 
with 10 percent thallium and 20 percent tin, the corrosion loss is 
reduced to 1.2 percent of the copper deposited. The low loss is 
due to a film formed on the surface of the anode by electrolysis. 



Fio, 61 . — Appaiiatus for Testino 
Diaphkaumb 


Silicon carbide electrodes 
are said to give good results 
in electrolyzing alkali chlo- 
rides, but they are not used 
to any extent.^ Silicon is 
mixed with silicon carbide 
and glycerine as a binder 
and sintered to a uniform 
body, which is dens(', n'sist- 
ant to temiierature, and 
conducts well. Apparently 
a carbide is formed having 
less carbon than CSi. 

Diaphragms. — In many 
electrolyses it is necessary 
to prevent mechanical mix- 
ing of the anolyte and 
catholyte, or to keep the 
electrolyte from the anode 
or from the cathode as much 
as possible. This is ac- 
complished by placing a 
porous partition between 
the electrodes which allows 
the passage of th(‘ current. 
This partition, of course, 
does not prevent the mi- 


gration of ions from one 
compartment to the other, and may cause the water to move 
through by electro-osmosis. 

Diaphragms are made of the following substances : thin wood 
sheets to prevent short-circuiting the plates in storage batteries, 
asbestos paper and cloth, cement, burnt, unglazed clay, and other 
similar materials. 


A good diaphragm should not have much resistance, should have 
fine pores, should withstand the action of the solution, and should 


^ Z. Elektroch. 13, 2 (1907) ; Gebr. Siemens & Co., Germ. Pat. 177,252 
(1906). 
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have mechanical strength. The volume of the pores of a dia- 
phragm can l)e detennined hy weighing dry and after soaking in 
water. The volume of pores in various diaphragms varies from 
22 to 70 ])ercent. Pukall clay is about jX'rcent pores. 

The permeability, or the ease with which a li(iuid passes through 
it, can be determined by means of an apparatus as shown in Figure 
51. ‘ The diaphragm 1) is elamixal betwetm the two glass vessels 
CC and the upi^er one is tilled with wat(‘r, the head of which is 
measured on the scale G. Watca* jx'rcolates through the diaphragm 
and is collected in E. The co(‘fficient of |H‘rmeability K is the 
number of cubic centimeters of a licpiid, whose coefficient of 
viscosity is which pass in one hour through a surface of one 
square decimeter under a pressure of one gram p('r s(|uarc centi- 
meter and is given by the ecpiation, 


where V is the volume that pjisses per hour, A is the surface in 
square d(‘cimeters, and h is grams jK'r scpian^ ('(‘ntimeter. 

For determining diffusion a similar vessel is used, but the dia- 
phragm is placed vertically, and there is no ditference of level 
of the li(iuid on the two sides. The conc(‘ntration of the solution 
on the two sides is diffen'iil, and the amount which passes through 
in a given time while both solutions are stirred is measured. 

The resistance of a diaphragm is detcu’inined by the difference 
in the resistance of a cell when the diaidiragm is in place and when 
it is removed. 

Good clay diaphragms were first produced by W. Pukall, but 
these are made mostly in the form of small (Mips for laboratory use. 
They are attacked considerably by hydrochloric acid and by 
alkalies alx)ve 50° G. I>c Blanc succeeded in making a diaphragm 
that withstood the action of chromic acid in the regeneration of 
chrome alum,- and Buchner made diaphragms from kaolin and 
fused aluminum oxide that are not at all affecU'd by acids.’ 

The General Filtration Company of Rochester, New York, make 
a diaphragm of “ electro-filtros in a standard size {)f 12 by 12 
in., i to 1 in, thick, which is not attacked by concentrated or 
dilute acids or by dilute alkalies.'^ It has a low resistance and 

^ Guye and Tardy, J. Chini. Phys. 2, 79 (1904). 

* Z. Elektrooh. 7, 653 (1900). 

* Z. angew. Ch. 1904, p. 985. 

‘Thatcher, Chern. Met. Eng. 18, 336 (1915). 
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prevents mixing. It is made from pure fine silica cemented with 
a small amount of fused silicious binding material. 

Electrolytic Cells. ~ The materials used in constructing elec- 
trolytic colls are principally wood lined with lead or asphalt ; slate, 
iron, and cement, or concrete with some noii-porous fining. Wood 
with load fining is used in the multiple system of metal refining 
in sulfuric acid solutions, but cannot be used for the electrolysis 
of chlorides. Slate can be used for the electrolysis of chlorides, but 
is (expensive and rcciuires great care in leveling and drawing to- 
gether. C'oncH'te is not expensive and is suitable for chloride 
electrolysis. The cement should be slow setting. It is tested 
by mixing a handful with water to a stiff paste and working it on a 
glass plate into a cake ^ in. high and to 4 in. in diameter. The 
surface is trowel(*d smooth and the sides brought down to a thin 
edge. It is allowed to stand for a few hours and then covered 
with a wet cloth and left in a cool place over night. If it sets 
slowly and shows no cracks on the surface or edges, it is satisfactory. 
Crushed granite should b(‘ used for the best work. The size should 
be such that no piece has a larger diameter than one quarter of the 
thickness of the wall in which it is to be used. Pieces smaller than 
i in. should be n'jeeted as it interferes with filling th(' voids. The 
mixture consists of 4 {)arts rock, 2 parts sand, and I part cement, 
by voluuK'. This should be rammed into the inold. Three or 
four days should elapse before removing the mold. If acid is to 
be used in the tank, it should l)e fined with paraffin or tar.* 

Mastic concrete consists of ground quartz of all sizes held by 
“ hermastic,” a stiff asphaltic material. The stiffness depends on 
the percentage of quartz or other filler. With a high content of 
filler the mixture melts at 250"^ to 300° C., while the pure mastic 
melts at about 70° C. This concrete does not cost much more than 
ordinary Portland cement concrete but it must be mixed hot and 
poured in a melted state. It is acid proof and water proof.^ 
A fining made by the Vulcanite Paving Company of Philadelphia 
consists of a specially refined Trinidad asphalt mixture, with 
crushed (piartz or granit-e. Continued contact with solution over 
40° C. resulted in softening this mastic, particularly if any oil was 
present. It is not attacked by acids.’ 

Soapstone is used for making hypochlorite cells, by the Electro 
Chemical (k)mpany, of Dayton, Ohio. • 

' D. H. Browne, Klectroch. Ind. 1, 273 (1903). 

* Ralston, H ijdrometnlliirgy of Zinc, p. 99 (1921). 

* E. A. Capi>elen Smith, Tr, Am. Electroch. Soc. 25 , 202 (1914). 



CHAPTER IX 


ELECTROPLATING, ELECTROTYPING, AND THE 
PRODUCTION OF METALLIC OBJECTS 

Electroplating is the ourliost of electroclK'niical industries. 
Rru^natelli observed ^iold platin^^ as (‘arly us ISOo, and by 1840 
gold and silver plating began to b(‘ of t(‘chni(*al iin{)ortance,' but 
the invention of dynamos was n('e('ssarv Ixdore this industry 
could grow to its jwsent size. While' gold and silver were the 
first metals used for plating, nicked plating be'gan te) be employed 
first in this eenintry in the 7()’s;- me>re re'ceiitly plating with 
copper, zinc, Wd, anel brass has be'en elevede>peHl exle*nsively. 

Galvanoplasty, or the productie)n of finishe'd eebjects, was dis- 
covered by Jae*e)l)i of Petrograd in lS)kS. d'his ineluslry has also 
grown to large pro pe')rt ions. It inclueles el(‘cdre>typing, parabolic 
mirrors, seamless lubes of copi)er anel e)f irem, the* deeoratie)n of 
glass, china, anel vulcanite with golel and silver, the production 
of phonograph receuxls, small statues, and innumerable similar 
objects. It w'as estimate'd in 1914 that 15, ()()() teens eef metals were 
used annually for electroplating and for galvano^dastic work.* 

1. Electroplating 

The equipment of an electroplating plant eemsists eef a dynamo, 
tanks for plating, washing, and pickling, he»ods tee carry off fumes 
produced in pickling, buffing and grinding e'ejuipme'nt, and dust 
collectors for carrying off the dirt pre>elue*e'el in the'se operations, 
heated sawdust boxes for drying, amme'ters. rheeestats, a good waU-r 
supply, steam heat for some of the sedutieuis, anel the necessary 
chemicals. 

Dynamos for electroplating are made in elifferent sizes to deliver 
from 50 amperes to several thousand, at 5 to 0 volts. Electro- 

* See W. Siemens, Ldm^tferrinnerwigen, p 25, for an interesting neeount 
of his discovery of gold plating from a (hioseilfate solution. 

* For an account of the origin of nickel plating in this country see Aeiairis, 
Tr. Am. Electroch, Soc. 9 , 211 (190(i). It was earned out by Boettger in 
Frankfurt in 1842. 

* Pfanhauser, Z. Elektroch. 90, 437 (1914). 
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platinji; tanks cannot be connected in series, for the removal of the 
cathodes from one tank in the series would break the current in the 

other tanks. Each tank is con- 
nected directly to the dynamo 
with an ammeter and rheostat in 
series. 

The floor of a plating room 
should Ixi waterproof on account 
of the large amount of drippings 
from the objects when taken from 
the tanks. It is usual to have 
wooden plank walks raised an 
inch or two above the floor. 

The tanks used for holding the plating solutions are usually of 
wood and are lined with lead or a mixture of pitch, resin, and lin- 
seed oil. The anodes are hung on brass bars mnning lengthwise 
with the tank, and the objects to bo plated are hung on similar bars 




Fia. 62. — Tray for Plating Small 
Orjecth 


B'lu. 53. — Drum for Plating Small 0BJF.rT8 

between two rows of anodes, in order to plate both sides uniformly. 
Small objects which are to ho carefully plated are strung together 
in rows on wires and hung in the bath. Where not so much care is 
required, as in the case of small nails, it is sufficient to place them 
in a tray, shown in Figure 52, and hang them in the solution, or in a 
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drum whose sides are perforated, as in Figure 53. The drum turns 
on its axle slowly, and the current is conducted from the pile of 
small objects to the axle by metal strips. Of course the tray or the 
axle and metal strips are also plated. 

Figure 5-4 shows the plating plant of the National Cash Register 
Company,^ where plating with nickel, copper, silver, and zinc aro 
all carried out. 

In plating, the first step is to clean the surface thoroughly in 
order to make the deposit adhere well. Rough surfaces are 
occasionally plated for the purpose of protection, but more usually 
are first ground and polished. 

The usual method of removing scale from sheet iron and other 
forms of iron that are to be covered with zinc consists in immersing 
in hot, strong sulfuric acid until the surface is clean. The acid 
attacks the iron below the scale, which consists of FcsO^, and the 
hydrogen formed blows off the scale. This uses up acid and pro- 
duces a large amount of ferrous sulfate for which there is no 
demand. By electrolyzing as cathode in hot sulfuric acid the 
scale is reduced to iron and very littk' iron or acid is used up.® 
This process was patented by (-. ,1. Reed. 

The hydrogen, however, makes the iron brittle. It is said that 
pickling as anode in 27 percent .sulfuric acid at 00° ('. cleans 
effectively without impairing the phy.sical proix'rties,*’ but it must 
also use up more iron and acid than cathode pickling. A sand 
blast and wire brushes are other means of cleaning surfaces me- 
chanically. An efficient method of polishing is to use a tumbling 
barrel containing the objects to l)e i)olished with a soap solution 
and steel balls, but this is not suitable for large objects. Dry 
tumbling is also used with small jaeces of leather with or without 
fine silica. 

The next operation is the thorough nanoval of grease from the 
surface. This is done by dipping in a hot solution of sodium 
hydrate or carbonate, sometimes in benzine, or by el(‘ctrolyzing as 
cathode in a solution of carlx)natc. The alkalinity produced by 
electrolysis removes grease, and the hydrogen reduces oxides and 

^Met. Ohem. Eng. 8, 275 (1910). For design of a plating plant, see 
Pfanhauscr, Metallurgie, 1, .313 (1904). 

* Hering, Met. Chem. Eng. 18, 785 (1915) ; Thompson, Mahlman, Dodiwn, 
Tr. Am. B:iertroch. Soc. 31, 181 (1917); Mot. Chem. Bmg. 17. 713 (1918). 

* Conlson, Tr. Am. Bdectroch. Soe. 32, 237 ( 1917). Langdon and Grossmann, 
however, find that any kind of electrolytic pickling causes al>out the same 
degree of brittleness as simple immersion in the same acid for the same time. 
Tr. Am. Electroch. Soc. 87, 574 (1920). 
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Fio. 54. — Platixg Plant of the National Cash Register C< 
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carries away loose parficJcs of oxide and ^j:reased This method 
of cleaning requires a comparatively large cuirent. After treat- 
ment by one of these methods the surface to be j)lated is often 
polished by brushes with Vienna lime and water. 

Cleaning and plating may be done simultaneously, in a boil- 
ing potassium cyanide solution containing copiKT or copjx'r and 
zinc.2 This was begun about 1907 and is now widely practiced. 
Its principal use is to give* iron and ste(‘l a preliminary coating 
before nickel plating. The hot alkaline cyanide dissolves grease 
and where the surface is clean a good ch'posit of copj)er forms. 
Any failure to remove gretise is shown while still in the chaining 
bath by the absence of coptwr deposit on the uncleaned surface. 
There is also a saving in time and labor in moving from one solu- 
tion to another. The following cleaning anil ])lating solution 
can be used with or without zinc carbonate^ depositing respectively 
brass or copper.^ 

Per Liter 


The Hansen and Van Winkle Company’s XXX lye 60 g. 

Copper carbonate 15 g. 

Zinc carbonate 15 g. 

Ammonium carbonate 30 g. 

Potassium cyanide ... 30 g. 


The solution is used boiling. 

After the removal of grease the alkali is washtal off and the object 
is dipixid in ti pickle, except when simultaneous plating and cleaning 
are used. The purpose of a pickle is to make a bright surface, and 
to remove any oxide formed by the alkali. The pickle varies with 
the metal to be treated, since a solution which works well with one 
metal is not necessarily suited to others. Cast iron and wrought 
iron are pickled in a solution made by mixing 1 part by weight of 
concentrated sulfuric acid with l/i parts of w'ater.^ A suitable 
pickle for zinc is simply dilute .sulfuric or hydrochloric acid. 
Copper, brass, bronze, and Clerman silver an; treated with a 
preliminary pickle consisting of 200 parts by weight of nitric acid 
of specific gravity 1.33, 1 part of common salt, and 1 of lampblack. 
The last ingredient has for its purpose the formation of nitrous 

‘ Burgess, El. World, 32, 445 (1908). 

* Watts, Tr. Am. Eleotroch. Soc. 27, 141 (1915). 

® Lovering, Metal Ind. 1913, p. 173. 

^Langbcm, Electrode position of MetoU, 4th ed., p. 162. The English 
measures used by Langliein are converted to the metric system when quoted. 
Unless othcrw'ise statcnl, the formuke given for solutions in this chapt<;r are 
taken from the alx)ve work. 
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acid. After all impurities are removed by this bath, the object is 
washed in boiling water so that on removal it will dry quickly, and 
it is then immersed in a so-called bright dipping hath, to give a bright 
surface. This is made up of 75 parts by weight of nitric acid, of 
specific gravity 1.38, 100 parts of concentrated sulfuric acid, and 
1 part of common salt. The object is then washed off in water and 
put while wet in the plating bath, where all electrical connections 
should have been made so that the plating begins immediately. 
Instead of the acid pickles following the removal of grease by alkali, 
brass is sometimes pickled in a hot solution of potassium cyanide, 
which dissolves the oxides, — somewhat more slowly than acid, — 
but it does not alter the polish. After the plating is finished the 
object is dipped in hot water and placed in warm sawdust to dry. 
In some cases the deposit is as bright as though it had been polished, 
but it is generally necessary to polish to give it this appearance. 

Another important consideration is the possible action between 
the cathode metal and the plating solution. If a metal whose 
electrode potential is more negative thjin that dissolved in the 
plating solution is dipped in this solution, the dissolved metal 
will deposit on that immersed. Use is sometimes made of this 
in plating by dipping, which of course can give only thin layc'rs, for 
when the underlying metal is covered, the action ceases. If the 
deposited metal does not adhere well to the underlying metal, the 
bath cannot be used for plating. This is the case with zinc dipping 
in solutions of simple salts of copper or silver. This difficulty can 
be overcome by using complex salts. Thus zinc placed in a 
solution of potassium cuprocyanide is covered with a smooth, well- 
adhering layer of copper, and can therefore be plated in this solu- 
tion. This is probably due to the greater difficulty of depositing 
copper ions from a solution in which they are so dilute, and their 
consequent less rapid deposition by zinc; it is as though the 
current density were reduced. In case a metal like zinc is to be 
copper plated it would be given a preliminary coating of copper 
in a cyanide bath and the deposit would be thickened to the desired 
amount in a copper sulfate bath where the current efficiency is 
better. 

A method of plating thin layers used for special purposes is 
plating by contact. This consists in connecting the metal to be 
plated with a more electronegative metal and dipping both in the 
plating solution. For example, if copper and zinc are connected 
and dipped in a silver cyanide bath, the copper is silver plated and 
zinc dissolves. 
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In order to remove the base metal as soon as possible from the 
action of the bath a “ striking ” bath is sometimes used, especially 
in silver plating. This is less concentrated than that used to 
thicken the deposit, and is run at a higher current density. As 
soon as the metal is completely covered it is removed and the 
plating is continued in the regular bath. 

In order to get a deposit of uniform thickness it is necessary 
that the current density be uniform at all points on the cathode, 
but cathodes often have uneven surfaces, and even if flat, the cur- 
rent concentrates on cflges. It has l)een shown above that with 
nearly all metals polarization increiises with current density, con- 
sequently if the current density tends to be larger at one part of 
a cathode than at another, polarization tends to reduce it. This 
effect can be increased by using complex salts. In order to make 
it possible for current lines to i^enetrate to parts of the cathode 
surface farther from the anode, conducting salts are added to the 
solution, such as sulfates or chlorides of ammonium, sodium, or 
magnesium. A solution from which a metal deposits uniformly 
on uneven surfaces is said to “ throw ” well.‘ 

The thickness of deposits various according to the requirements 
from a few thousandths of a millimeter up to 0.2 mm. 

The reason why an electrodeposited nudal adheres to the under- 
lying metal is in some ca.scs doubtless due to alloying of the two.* 
The possibility of alloying does not, however, always insure good 
adherence, as shown iiy the fact that copper and nickel do not 
always stick well to iron. Too great a tendency to alloy is bad 
Ix'cause the deposited metal is then slowly absorl)cd by the other 
and is as efTcctually removed as a covering jis if it p(»clcd off. 1 hus 
gold plated on lead or zinc soon disapixws in the underlying metal. 
In cases of this kind the two cjisily alloying metals must be sepa- 
rated by a layer of another metal. 

The concentrated solution from the anodes sinks to the bottom 
of the tank and the dilute solution rises to the top. To remedy 
this a solution in which much plating is done should be stirred at 
the end of each day’s work ; the anode mud will settle out again by 
morning. 

It frequently happens that electrodeposits are pittod by bubbles 
of air becoming attached to the cathode and preventing the de- 

' For a discussion of throwing power see Haring and Blum, Tr. Am. 
Electroch. Soc. 44 , 313 (1923). 

* Electroch. Ind. 1 , 201 (1903) ; Haber, GrttndnsH der technischen Elek~ 
trockeinie, p. 280 (1898). 
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position of metal beneath them. This can be obviated by boiling 
the solution to remove the dissolved air.^ 

It is dilficiilt to got good results in plating on aluminum be- 
cause of the oas(' with which aluminum coats itself with a film of 
oxide which prevc'uts the metal from adhering well. One method 
of procedure is to immerse in a solution of potassium hydrate 
until hydrogen is evolved and then to amalgamate by dipping 
into a 0.5 p(Mcent solution of mercuric chloride immediately after 
treating with hydrate. The chloride is rinsed off and the object 
is then treakal again with potassium hydrate and is then im- 
mediately susi)ended in a silvering bath or gilding bath, or a 
copper cyanide bath. 

Nickel and Cobalt Plating. — Baths for nickt'l plating were 
formerly usually made from the rather difficultly soluble double 
salt NiS 04 (NIl 4 ) 2 S 04 • 0 H^O. The small amount of nickel in this 
solution (a litth' over 1 percent) limited the current d(‘nsity for 
good deposits at room Lanperature to about 0.6 amp./sq. dm. 
This salt has consecpiently Ix'en more or less given up for more 
soluble salts. The following bath contains over 5 percent nickel 
and can be used at room temperature with any current density 
between 0.5 and 10 amp./sep dm.* 

NiSOj-GHaO . . 240 g. 

. . 15 g. 

IhBO., 50 g. 

II 2 O 1000 g. 

The small amount of nickel chloride is added to prevent the anodes 
from becoming pixssive. Nickel sulfate gives a more finely 
grained deposit than nickel chloride under the same conditions, 
and the deposit from the sulfate seems to protect the underlying 
metal better than the coarser deposit from nickel chloride, Lang- 
bein says baths containing chloride are not suitable for nickeling 
iron on account of its rusting. 

The permissible amounts of zinc impurity allowable in nickel 

MVatts, Tr. Am. Elcctroch. Soc. 35 , 279 (1919); Kern, ibid., 13 , 107 
(1908). 

* Langbein, Electrodeposition of Metals, p. 591 (1920). For another pro- 
cedure, see Biirge.ss and Iliiinbuechen, Electrochem. Ind. 2 , 85 (1904). Many 
others have been proposed. 

ninrnmond, Tr. .\m. l';ie<*(roch. Soc. 30 , 103 (1916). For an account 
' of all imi^>ort!int receipts to date, see Watts, Tr, Am. Electroch. 23 , 99 (1913). 
For the acidity of niekeUlepositing solutions, see M. R. Thompson, Tr. Am. 
Electroch. Soc. 41 , 333 (1922). 
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sulfate for thin deposits is about 0.2 |)(*rcent ; for tliiek deposits, 
0.1 percent. This does not allow for any aceuniulation. The 
maximum permissible amount of copper impurity for thin deposits 
made in less than one hour is 0.03 ixuct'nt ; for tliiek dt'posits up 
to 24 hours, 0.02 jx'rcent. This would correspond to 0.04 and 
0.03 g./l. Most of the copper in nicked anodes goes iirto the slime 
and so does not contaminate tli(‘ balh.‘ 

It hjus recently been found that the addition of fluoride makes 
a nickel-plating bath superior to any .so far found.^ The structure 
of the deposit is finer and at a current demsity not too high the 
deposit apjx^ars polished. It also has a higheu- tensile stnuigth 
than when deposited from a chlorid(‘ Ixith. This solution has the 
following composition : 

(iKVMrt I'KM I.nhit 

NiS()4 - 6 11,0 . . 2S1 

NaF S.4 

HalKL .... 31 

At 25° C, the specific resistance of the solution is 10.0 ohms |)er 
centimeter cube. The current density with this solution can bo 
up to 4 amp./sq. dm. at room ti'iiqx'ratun* in jdating ; foi- idectro- 
typing the current density should not be over 2 amjx/.sq. dm. 
The effect of higher ti'iniierature is under inv(‘stigation. 

The current efficiency in both chloride and fluoridi' baths is over 
90 percent with current’ densities up to 2 amp./sip dm. At higher 
current den.sities the current efficiency is .dightly better in fluoride 
than in chloride baths. 

The conii)osilion of tlu* deposit and that of “ 05 to 07 jH‘r(;cnt ” 
nickel anodi'S u.si'd is th(‘ following: 



Caht Anoukh 
I’KUrhNT 

C'lil<»ri<lf liath, 
IVrrciit 

N 1 1 M 1. 

FUlol ulc linlh, 
JVrcc'Ut 

Nickel -f Cobalt . . . 

97.5 

99.00 

90.40 

Iron 

O.bO 

0.27 

0.45 

Copper 

0.20 

0.09 

0.15 

Silicon 

0.05 

— -- 

— 

Carbon 

1..50 

— 

— 


99.85 

99.90 

1(X).00 


‘ M. R. Thompson and C. T. Thoma.s, Tr Am Eloctroch Sor. 42 , 79 (1922). 
* First commercial! V applied hv K. (1. Ixivcnng;. Hoc iJlum, Tr. Ara. 
Electroch. Soc. 39 , 4rj9 (1921). 
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These anodes corrode well in fluoride solutions with the forma- 
tion of scarcely any sludge. Hot rolled anodes also corrode well, 
but electrolytic anodes corrode poorly except in solutions so acid 
that the efficiency at the cathode becomes low. Anodes should 
l)e as pure as possible, for the deposition of iron with nickel is the 
principal cause of the deposit i)eeling. This is due to the fact 
that more iron is deposited in the first layer than in later ones and 
this unequal iron content produces strains which cause the nickel 
to curl and peel off.‘ This tendency may be counteracted by 
roughening the surface by etching or by some mechanical means, 
such as a sand blast, before depositing nickel. ^ 

Iron is sometimes copper plated or brass plated before depositing 
nickel for the purpose of making the nickel adhere better, but 
nickel adheres well without this if the surface is well cleaned. 

Black nickel plating can be applied directly to brass or copper.^ 
Steel which is to be black nickel plated is first plated with copper 
or zinc. This plating is used for hardware, harness fittings, and 
other government equipment requiring a black or gray-black 
finish. 

The following bath gives a uniform black deposit : 63 g. 
NiS04 • (NH4)2S04 -OHiO, 7 g. NfHC^NS, 7 g. ZnS()4 -7H2(), 
1 1. water. Any acid should b(* neutralized with nickel carbonate.'* 
This bath is operated at temperatures Ix' tween 20° and 40° C., 
and at about one volt. At the end of aboufhalf an hour the surface 
is black and the plating is finished. A gray color indicates too 
high a current density. 

Cobalt has nearly the same color as nickel with a slight reddish 
tinge. It is more expensive than nickel, and though it can be 
used in its place when nickel is scarce, as was recently the case 
in Germany, cobalt plating was given up as soon as the nickel 
shortage was past.** 

Cobalt is deposited at a less negative voltage than nickel, but 
this is of no advantage for this voltage is lost in the rheostat if 
not in the bath. Cobalt anodes do not become passive as readily 

^ Engeraann, Z. Elektroch. 17 , 910 (1911). Some recent work by M. R. 
Thompson shows that if the aridity is properly controlled, the presence of 
iron in the solution does not necessarily cause cracking or peeling. Tr. 
Am. Elcctroch. Soc. 44 , 359 (1923). 

* Riedel, Z. Elektroch. 22 , 281 (1916). 

* Blum, Tr. Am. Elcctroch. Soc. 34, 169 (1918) ; Hogal)Oom, Slatter>', and 
Ham, Bureau of Standards Technical Pa^wr No. 190 (1921). 

* LanglH‘in, l.c. p. 319 (1920). Other formulee are also given. 

‘ Foerster, Elektrochemie xvasseriger Losurigcn, p. 494 (1922). 
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as nickel, but no difficulty is found with nickel in the proscuicc 
of a little chloride. One of the disa<lvantag('s of cobalt is its 
greater tendency to peel. 

A cobalt-plating bath can l)e made by substituting cobalt for 
nickel in the chloride bath given above. Wladhtu* tluoride would 
have a beneficial effect on (H)balt, as it does on nicked, is not known. 
The cobalt baths proposenl by Kalmus. Har|K‘r, and Saveli ' do not 
seem to luivc preserved their good qualities on continued use. 

Copper and Brass Plating. — Coppe'r plating is usually carried 
out as a preparation for the defK)sition of anothe'r metal. A 
cyanide bath is always used in order to prevent the formation of 
loose, powdery, or spongy deposits by more el(‘ctronegative metals, 
such as iron or zinc, which would form if th(\se metals were dipped 
in a sulfate bath. A sulfate bath could be used for iron, how- 
ever, if the iron is first dipjx^d in a hydrochloric acid solution of 
arsenious oxide containing from 10 to 60 grams of the oxide jwr 
liter. The acid may be concentrated or diluted with as much as 
two volumes of water.^ Iron is thereby protected by a thin layer 
of arsenic which pi-events the deposition of cop^KU* in an undesirable 
form when dipiXHl in copjx'r sultate. 

(Jopjx'r cyanide baths are often made by dissolving cupric 
sulfate or acetate* and adding potassium cyanide. Unh'ss some 
oxidizable salt is present, this would result in the (‘volution of 
cyanogen when cupric changes to cuprous cyanide : 

2 CUSO 4 + 1 K('N = 2 CuC'N -f ((^N )2 + K 2 S() 4 . 

Acid sodium sulfite is the salt u.sually added to take up the 
cyanogen. The following bath is r(*coinmended by Pfanhau.sc*r . ^ 

1 1. water 

10 g. calcined sodium cnrlionate 
20 g. sodium sulfate 
20 g. acid .sodium sulfite 
30 g. potassium cuprocyanide 
1 g. potassium cyanide 

About 3 volts are applied, and the current density is about 0.3 
amp./sq. dm. The current efficiency is 80 [XTcent. 

• Tr. Am. Electroch. Sor. 27 , 7.5 (191.5). 

* Discovered by J. Sitka. St>e Watts, Tr. Am. Electroch. Hoc. 36 , 266 

( 1919 )- ... 

*Schluttcr, Gahwutstcgie, p. 136 (1910); Foerster, Ekktrochemie wdnsenger 
Losungen, p. 495 (1922). 
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Sulfite is added to this bath to prevent the formation of in- 
sulating layers of ciiprocupricyanide at the anode. Cyanide is 
gradually oxidized to carbonate at the anode and must be renewed 
from time to time. 

Brass plating is used as a substitute for copper as an intermediate 
step and also as an ornamental covering. The following bath is 
recommended by Pfanhauser : ^ 

1 1. water 

14 g. calcined sodium carbonate 
20 g. sodium sulfate 
20 g. potassium cuprocyanide 
20 g. potassium zinc cyanide 
20 g. acid sodium sulfite 

1 g. potassium cyanide 

2 g. ammonium chloride 

The current density is 0.3 amp./sq. dm. at about 3 volts, the 
temperature is between 15® and 20® C., and the cathode current 
efficiency is about 73 |X'rcent. Bniss anodes arc used. 

The reasons why zinc and copper deposit together from a cyanide 
solution, and the effects of change in current density and in the 
ratio of copp(^r to zinc in solution on the composition of the brass 
deposit hav(‘ been given above (p. 122). 

Zinc Plating. — A zinc covering is very useful as a protection 
for iron. It has the advantage over tin for this purpose that it is 
more electronegative than iron, so that in case a part of the iron 
becomes exposed and wet, zinc tends to dissolve in place of the 
iron. Iron is covered with zinc by the two methods of electro- 
plating and of dipping In a bath of melted zinc. A third method, 
called sherardizing, consists in heating objects in zinc dust to 
300® C.^ The zinc deposited electrolytically is not so bright and 
pleasing in appearance iis the dipped zinc, but it has been shown 
to protect the iron much more thoroughly A good solution for 
zinc plating is 200 grams of zinc sulfate, ZnS 04 • 7 H 2 O, 40 grams 
of sodium sulfate, Na 2 S 04 • IOH 2 O, 10 grams of zinc chloride, 
and 0.5 gram of lK)ric acid per liter. The current density is from 
i to 2 amjx'res per square decimeter. The anodes are of zinc. 
Since a little more zinc dissolves than is deposited, the solution 

‘ Sohliittcr, Galranostegie, p. 238 (1910). 

» Electrochom. iind Mot. Ind. 5 , 187 (1907). 

•'’Burgess, Eloetroohom. and Met. Ind. 3 , 17 (1905); Szirmay, Z. Elek- 
troeh. 11, 335 (1905). 
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would lose its acidity unless a small amount of acid is added as it is 
used up. The resistance may be reduced by warming to 40® or 
45® C.^ 

According to some recent experiments ^ zinc deposited from a 
cyanide solution gives better protection than that from a sulfate 
bath. The solution recommended is as follows : 

Gr\mh per Liter 


Zinc cyanide 60 

Sodium cyanide b2Jy 

Sodium hydroxide 7.5 to 15 

Sodium carbonate 30 

Sodium fluoride 7.5 

(/orn sugar 7.5 

Gum arabic 1.1 


The temperature is from 40® to 50® C. ; the voltage 3 to 5 volts de- 
pending on the current ; and the current density is 4 amp./sq. dm. 
The cathode current efficiency is between 50 and 75 percent, while 
the anode efficiency is from 90 to 110 percent. Sodium cyanide 
must be added frequently in small quantities to make up for 
that used in local action with zinc. It is stated that zinc cyanide 
must also be added, but there seems no reason for this if more 
zinc dissolves than is deposited; on the contrary it would seem 
that zinc would have to be removed from time to time. Corn 
sugar and gum arabic are used up and are added when the necessity 
for them is shown by the color of the deposit. 

The reasons given for the better protecting quality of zinc from 
a cyanide bath are (1) that the alkalinity keeps iron passive while 
in a sulfate bath the acidity tends to cause iron to rust, and 
(2) the deposit from cyanide is less porous than from sulfate. 

The most reliable method of testing zinc protective coatings 
is known as the “ salt-spray test,” in which the plated surface is 
exposed to a spray of a 20 percent sodium chloride solution until 
rusting appears.’ It was found that sheet iron plated in a cyanide 
bath until the deposit weighed 0.57 gram i)er square decimeter 
lasted 128 hours before showing rusting, while a similar piece 
with a coating from a sulfate bath weighing 0.75 gram per 
square decimeter lasted only 60 hours. 

* Foerstcr, Elektrochemir wdnseriger Loanngen, p. 500 (1022). 

®\Verlund, Tr. Am. Electroch. Soc. 40, 257 (1921) For other fonnulae 

see Horsch and Fuwa, Tr. Am. Electrooh. Soc. 41 , 36.3 (1922) 

• Bureau of Standards Circular No. 80, Protective Metallic Coating for 
the Rustprooflng of Iron and Steel (1922), or Langl^ein, U. 551 (1920). 
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Lead Plating. — Previous to the war there were only a few plants 
in the United States that plated lead commercially, and these were 
mostly for storage-battery fittings. During the war it developed 
greatly as a means of protecting the inside of gas shells.* The 
solutions are made either from lead fluosilicate or fluoborate. Lead 
can be deposited from a fluoborate bath directly on steel without 
an intermediate layer of copfK^r, while a fluosilicate bath requires a 
preliminary copper coating. A fluoborate bath is made as follows : 

Grams prr Liter 


Basic lead carbonate PbCOa- Pb(OH )2 142 

50 percent hydrofluoric acid .... 240 

Boric acid 116 

Glue 0.2 


The current density is about 3 amp./sq. dm. for light deposits 
and 2 amp./sep dm. for heavy. The bath is used at room tempera- 
ture. The best way to prepare the surface for lead plating is 
sandblasting. 

It is believed that there is a large field for the future application 
of lead plating. 

Silver Plating. — A satisfactory silver-plating bath is made 
by dissolving 25 grams of silver cyanide and 25 grams of potas- 
sium cyanide in one liter.^ The current density is 0.1 to 0.45 
amp./sq. dm. at one volt. Silver anodes are used. 

Only copper or copi^er alloys are silver plated directly, and even 
these have to have a preliminary coating of mercury deposited 
by dipping in a “ quicking ” bath consisting of 25 grams of mercury 
potassium cyanide and 25 grams of potassium cyanide jx'r liter. 
The surface is then rinsed off in water and is placed in a striking 
bath for 15 to 30 seconds. This bath consists of 60 grams of 
potassium cyanide and 3.4 grams of silver cyanide to one liter of 
water. The deposit is then thickened in the regular bath. The 
object of the striking bath is to make the deposit adhere better. 

Silver deposited from a cyanide bath is usually of milk-white 
appearance and requires polishing, but the addition of carbon 
bisulfide causes silver to deposit bright, so that buffing is not 
necessary, if the current density is right. That this deposit is 
sensitive to change in current density is shown by the fact that 

‘ Reeve, Tr. Am. Electroch. Soc. 36 , 389 (1919) ; Blum, Tr. Am. Electroch. 
Soc. 36 , 243 (1919). 

• For all .silver and gold-plating baths proposed see Frary, Tr. Am. Eleo- 
troch. Soc. 23 , 62 (1913). 
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an object which is plating bright on a flat surface may not be 
bright on the edges where the current density is higher. The 
carbon bisulfide is first dissolved in a small amount of the silver 
solution and this is added to the bath. This preliminary carbon 
bisulfide solution is prepared by shaking ten drops of bisulfide in a 
liter of silver solution taken from the j)lating bath and allowing 
to settle over night ; 0.3 gram of this is tlaui addi'd to each liter 
of the plating bath, and is replaced from time to time as the 
bisulfide is used up. 

It is customary to hang objects on movable supports during 
silver plating, so they can be moved slowly back and forth in the 
bath. 

Articles to be silver plated are now mostly made from (lerman 
silver or some white metal so that if the silver W(‘ars otT the under- 
lying metal does not show so plainly as if it were copix'r or brass. 

The electrode potential at which silver is deposited from a 
cyanide solution containing 0.1 mol KAgC’y-. and 0.2 mol KCN 
per liter is about — 0.42 volt for current densities between 0.05 
and 0.5 amp./sq. dm. at 18° C. and is about — 0.70 if potassium 
cyanide is increa.sed to 4 mols jx^r liter, while the electrode poten- 
tial at which hydrogen deposits from cyanide solutions is more 
negative than — 1 volt. Con.secpiently scarcely any hydrogen 
is evolved and the current efficiency for silver plating is nearly 
100 |)ercent.' 

Gold Plating. — Gold plating is carried out both in hot and in 
cold solutions. Large articles are usually plated in cold baths, 
small articles in hot. Hot solutions give a denser dei)osit and a 
richer color. A less concentrated solution is us(‘d in hot gilding 
than in cold. Langlx'in gives the following bath for cold gilding : 
3.7 g. gold as fulminating gold and 5 to 15 g. of potassium cyanide 
per liter. The current density is 0.15 amp./sq. dm. Fulminating 
gold is made by ])recipitating gold chloride with ammonia as long 
as a yellowish brown precipitate forms. This is washed and 
dissolved in potassium cyanide without allowing to dry. Most 
directions say to boil off the ammonia, but there seems to be 
no reason for so doing.^ 

A bath for hot gilding contains 1 gram of gold as fulminating 
gold per liter and 5 grams of potassium cyanide. The current 
density is 0.1 amp./sq. dm. and the t(*mi)erature is between 70° 
and 80° C. 

^ Foerster, Elektrochemie wdsseriger Ldsungen, p. 498 (1922). 

* Frary, Tr. Am, Electroch. Soc. 23, 37 (1913). 
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Gold anodes are used and dissolve with 100 percent efficiency 
as lonR as the free potassium cyanide does not exceed 3 percent. 
At higher concentrations gold anodes l^ecome passive on account 
of a layer of insoluble NaAuCy 2 which comes from sodium 
always present in potassium cyanide. At much higher con- 
centrations gold anodes become active again. ^ 

Other Metals. — The Udylite ^ process for cadmium plating 
consists in depositing from a cyanide solution, washing, and 
baking at 150° to 200° C. The anodes are graphite, and cadmium 
hydroxide is added to keep up the strength. The current density 
with 10.5 t^ercent cadmium is 2.7 to 31 amp./sq. dm. This 
coating is said to be superior to zinc for protecting iron and steel.* 

Chromium can be plated from a 25 percent solution of chromic 
acid containing half a percent of chromic sulfate to any desired 
thickness. It is not as yet carried out commercially.^ The 
yield is about 0.1 g./amp. hr. and it may fall considerably below 
this. 

Iron plating for strengthening electrotypes has been used in 
Petrograd since before 1870.’’’ The solution used wiis due to 
Klein, and contained ferrous sulfate and magnesium sulfate. 
With 0,5 gram-mol of each sulfate in a liter of solution, perfect 
deposits are obtained with a current density of 0.25 amp./sq. dm.® 

Galvanoplasty 

The following are some of the important galvanoplastic processes. 

£lectrot3rping. — The first operation in making an exact duplicate 
of type set up ready for printing is to take an impression of the 
type in wax. The wax sometimes used is ozokerite. The thick- 
ness of the sheet of wax used for the purpose is about half an inch. 
After this has Ix'en carefully inspected to see that every letter 
is perfect, fine graphite powder is well worked into tht surface 
by soft brushes. This is done in several operations, by machines 
and by hand. Iron filings are then sprinkled over this surface and 
a solution of copper sulfate is poured over it to produce a thin 
layer of copper, which will make the whole surface more conducting 

^ Coehn and Jacobsen, Z. anorg. Ch. 55 , 321 (1907). 

«The Monthly Rev. 9 ; No. 6, and No. 7, p. 14 (1922); Met. Ind. 20 , 
356 and 469 (1922) ; U. S. Pat. 1383174, 5 and 6 (1921). 

•Bureau of Standards Circular 80, p. 7 (1922). 

• Sargent, Tr. Am. Electroch. Soc. 37, 479 (1920). 

•Jacobi, Brit. .\ss. Rep. 1869, p. 67; Roberta-A listen, J. Iron and Steel 
Inst. 1887, II, p. 71. 

•Haber, Z. Elektroch. 4 , 413 (1898). 
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than the graphite could do. This is an example of the use of plat- 
ing by contact, explained above. The sheet is then hung in an 
acid copper sulfate bath, containing 200 to 250 g./l. of copper 
sulfate and 50 to 80 g./l. of free sulfuric acid, and is electrolyzed 
at room temperature at a current density of 5 to 9 amp./sq. dm. 
until the deposit is 0.15 to 0.25 mm. thick. At 35° C. the current 
density should be 8 to 10 amp./sq. dm.^ It is then removed from 
the tank, and the wax is warmed and separated from the thin 
copper sheet. The copper is next backed to give it mechanical 
strength by pouring on it an alloy of lead and antimony. The 
subsequent purely mechanical operations of making the sheet 
perfectly level, so that each letter will print, and of mounting them 
on wood need not be described in this place. The advantages of 
electrotyping arc the saving of wear on th(' tyjx', and the fact that 
a small stock of type will prepare unlimited numlx'r of pages; 
for when a page is electrotyped, the tyix‘ used for preparing 
this page may be used over again for another. Nearly all books 
are now printed in this way. 

Wax negatives are not accurate enough for all electrotyping 
work, such as engraving plates for government bond issues. To 
attain the accuracy required in this work it is necessary to make a 
metal in place of a wax negative by plating nickel on the steel plate 
to be copied, after cleaning and brushing with graphite to permit 
subsequent separation.^ Nickel is deposited on this surface and 
then alternate layers of nickel and copjx'r, jis it has l)een found 
this gives a much stronger plate than pure copp(U’. The final 
plate used for printing is made by depositing an initial coat of 
nickel on this negative for 6 hours at 2amp./s(i. dm., giving a 
thickness of about 0.13 mm. Alternate depositions of nickel 
and copper for periods of one hour are then continued for six 
days. The current density for copper is 5.4 amp./s(i. dm. so that 
the relative thickness is about 1 to 3; that is, the plate contains- 
about 25 percent nickel. After a final deposition of copper for 
two days the plates are separated. 

Copper Tubes,® Foil, and Wire. — Tulx's are produced by deposit- 
ing copper evenly on a cylindrical cathode, and the copper is re- 

^Blum, Holler, and Rawden, Tr. Am. Electrorh. Soc. 30, 159 (1910). 
Directions for operating electrotyping baths are given in Bureau of Htandards, 
Circular No. 52, 2nd ed. 

* Blum and Slatter>', Chem. Met. Eng. 25 , 320 (1911), and Blum, Structure 
of Alternately Deposited Metals, Tr. Am. Eleetroeh. Soc. 40, 307 (1921). 

* See Pfanhauser, Die HersleUung mn MeiaUgegensIdnden auf Eleklrolytischem 
Wege, Engelhardt Monographs, Vol. 5 (1903). 
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moved when it has l^ecome sufficiently thick. In order to keep 
the outer surface of the tube smooth, it must be polished during 
the electrolysis ; this is done in the Elmore ^ process by means of 

an agate wheel whose edge 
bears on the tube, as shown 
in Figure 55. The wheel 
turns on its axis and polishes 
the surface over which it trav- 
els. In the process of the 
Soci6t6 des Cuivres de France, 
the polishing is obtained by 
allowing two tiil)es to rotate 
in contact with each other. 
Polishing not only keeps the 
surface smooth, but also 
makes the use of higher cur- 
r(*nt densities possible. 

The tubes made by the 
Elmor(‘ process an^ usually 3 
meters long and vary up to 1.0 meters in diameter.- In order to 
.separate the finished tube from the axle, the surface of the axle 
must be specially prepared so as to conduct and yc't not mtike the 
contact with the copiKU* (k'posited too intimate. This may be done 
by slightly oxidizirig the metal on which the cop{)e‘r is precipitated. 
The tube can then h) worked loose* by pressure. 

In the Cowi)er-(\)les proce'ss the mandrels are vertical and arc 
rotated in a vat shaix'd like an annular ring. In this way the 
bearings are kept out of the solution. A current density of 
20 amp./sq. dm. is used. For making sheet copixn* the cylinders 
are 6 feet in diameter. (\)i)per win* can be made by scratch- 
ing the mandrel with a slight but angular spiral scratch with a 
» pitch equal to the diameter of the wire to lx* made. The de- 
posit forms a plane of cleavage at the apex of the scratch and 
can be unwound and drawn through a die.^ See also under iron 
extraction. 

In 1891, J. W. Swan patented a method of producing copper 
wire, which consists in depositing copper on a wire so as to thicken 
it, and in then drawing down the wire to the original size. The 
apparatus is so planned that this is a continuous process. 

* Electrochoniist and Metallurgist, 3 , 151 (1903). 

* Pfanhauser, l.c. p. 109. 

» Electroch. Met Ind. 6, 412 (1908). 
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Parabolic Mirrors. — The production of parabolic mirrors has 
been worked out by Sherard Cowp(‘r-Colcs.> It saves the ex- 
pensive grinding of a parabolic surface for each mirror, for 
by this method any numlx^r of parabolic mirrors can be pro- 
duced from one mold. The details of tlic process are the follow- 
ing : First a perfectly parabolic glass surface is prepared by 
pressing a glass plate about 3 centimeters thick, and hot enough 
to be soft, into a cast-iron mold of a])proximately a parabolic 
form. The glass surface which was next the iron is now made 
perfectly parabolic by polishing on a lathe with more refined 
means as the surface a[)proaches nearer to perfi'ction. The next 
step is to clean the surface and to silver it. TIk' glass form, 
covered on the parabolic side with silver, is them placard in a copper 
sulfate bath, rotated slowly, and copper plated to give th(‘ mirror 
mechanical strength. In order to separate th('. metal from the 
glass, they are placed in a water bath and h('at('(l to 50° (\ The 
unequal expansion easily separates the gl.a.ss from the metal. The 
concave side is now a perh'ct mirror, but the silvc'r would soon tar- 
nish and must therefore' be protecte'd by a thirj laye'r of platinum de- 
posited on th(' silver eh'ctrolytically, from a solution of ammonium 
platinic chloride in sodium citrate. The mirnu* is tiien mounted. 

In covering glass or china with gold or silvc'r de'coralions that 
part of the surface to be covered is made' conducting by painting 
on a metal film and burning it in. (Jhiss, for example', is heated 
until it softens slightly. It is then a simple matte'r le) thicke'U thi.s 
deposit so that it can be engraveel e)r finished in any way desired. 
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CHAPTER X 


ELECTROLYTIC EXTRACTION AND REFINING OF 
METALS 

The Extraction of Metals 

Electroljrtic Copper Extraction. — The first attempts to extract 
metals from their ores .electrolytieally were failures either Ix'cause 
the methods were fundamentally wronj;^ or because of technical 
difficulties. 

The Marcheso process ‘ is an example of a method fundamentally 
wrong. This was an attempt to electrolyze a poorly conducting 
copper matte as anode for the purpose of extracting copper. The 
matte from which the copper was to be extracted had the following 
composition : 


Coj)pcr 17.20 percent 

bead 23.70 percent 

Iron 29.18 percent 

Sulfur 21.03 percent 

SO 3 0.69 percent 

Silica 0.88 percent 

Silver 0.062 percent 


The solution was obtained by treating a matte similar to the 
above with dilute sulfuric acid, and consisted principally of 
copper and ferrous sulfates. On electrolyzing, copper deposits 
on the cathode and copper and iron are dissolved at the anode 
as sulfates. In order to make the oxidizing power of ferric sul- 
fate available, the matte from which the solution is made is 
treated with the electrolyte in which ferric sulfate has accumu- 
lated. The ferric sulfate is reduced to ferrous sulfate, and cuprous 
sulfide and oxide is changed to copper sulfate. The solution is 
then returned to the electrolyzing baths. 

Favorable results were obtained in the lalx>ratory in Genoa, 
and on a larger scale at Stoll)erg from February to April, 1885. 
The copper obtained was 99.92 percent pure. A large plant 
was then built to produce 500 to 600 kilograms of copper in 24 
hours with 58 vats, 2.2 meters long, 1 meter deep, and 1 meter 

» Cohen, Z. f. Elektroch. 1, 50 (1894). 
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wide. At first all expectations were realized. The baths worked 
well and the copper produced was pure. Within a few days, how- 
ever, the voltage across the baths liegan to rise, in some cases to 
5 volts. This was due to the deposition of sulfur on the anode 
and the disintegration of the anode due to the dissolving of the 
copper and iron. Large pieces l^ecame detached from the anode 
and fell to the bottom of the tank, filling up the space l)e tween 
anode and cathode and producing a short circuit. I'hc cop})er 
also became impure, containing antimony, bismuth, lead, iron, 
zinc, and sulfur. Insoluble lead electrodes were then tried, but 
the polarization due to the formation of lead p(‘roxide was excessive, 
and the yield in copper fell to 60 percent of the theoretical amount. 
If a matte consisting of nearly pure cuprous sulfidc' is used, t he pro- 
cess can be operated as shown by Borchers, Franke, and Guenther, 
but the anodes do not dissolve evenly and the cost is prohibitive.^ 
The Siemens and Halsko process was then tri('d by the same 
company. The principal difference between this and the Marchese 
process is the use of insoluble anod(‘s and the separation of anode 
and cathode by a diaphragm. Chopper is dei^)sited from a solution 
containing ferrous sulfate and cop|)er sulfate. The solution then 
circulates to the anode, where ferrous sulfate is oxidized to the 
ferric state. The oxidized solution is then used to dissolve more 
copper from the ore. For three months an attempt was made 
to carry out this process, but it \vjus finally given up, partly at 
least on account of mechanical difficulties, such as the tearing of 
the diaphragm and disintegration of the carbon anodes A 33-day 
test of the Siemens and Halske process was made in 1913 at the 
Ray mine in Arizona, but it was not continued.^ 

The Hoepfner * process is similar in principle to the Siemens 
and Halske process. The unroasted ore is dissolved by cupric 
chloride, and the cupric chloride is reduced to cuprous chloride. 
This is kept in solution by sodium chloride. The action of the 
cupric chloride is the following : * 

CujS -b 2 CuCL = 4 CuCl + S, or CuS -f CuCL - 2 CuCl -f S. 

The solution containing cuprous chloride is electrolyzed in the 
cathode compartment, where it loses part of its copper. The solu- 
tion then circulates to the anode compartment, from which the 

•Germ, Pat. 160,046 (1904); Eng. and Min J. 84 , 673 (1907). 

*Min. Ind. 22 , 875 (1913). 

•Z. f. angew. Ch. p. 160 (1891) ; Chein. Zeitung, p. 1906 (1894). 

*See Blount, Practical Klectrochemistry, p. 81, footnote. 
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cathode compartment is separated by a diaphragm, and the re- 
maining copper is oxidized to cupric chloride. The anode solution 
is then ready for treating the ore a second time. This process 
was also tried on a large scale, but seems to have failed largely on 
account of mechanical difficulties, especially with the diaphragm, 
and because of imperfect extraction of copper from the ore. 

Another method of recov(‘ring copjx^r from copper sulfate 
liquors has been woi kc'd out by Addicks,‘ bas(‘d on the depolarizing 
action of h'rrous sulfate using carbon anodes, the prevention 
of the solution of cathode copper by ferric sulfate by adding 
aluminum sulfate and thus avoiding the use of diaphragms, and 
the reduction of ferric sulfate by sulfur dioxide outside the cell room. 

The larg(‘st plant in the world for the extraction of copper by 
leaching and electrolytic deposition is that of the (ffiili Explo- 
ration Company at (diuquicamata, (ffiili, which has recently 
been taken over by the Anaconda (k)pper Mining ('ornpany. 
Operations on a producing basis started May, 1015. The copper 
is chiefly in the form of basic sulfate (brochantite), but appre- 
ciable amounts of bjusic (H)p|X'r chloride (atacarnite) and some 
nitrates are also pn'sent. The c()pi)er conbuit of the oxidized 
ore body averages 1.0 1 perceid. The main impurities to be 
considered are th(' chlorine' and nitrates. 

The ore is crushed to 'i in. diameter (0 nun.) and is leached 
in dilute sulfuric acid in reenforced concrete tanks lined with 
mastic asphalt made by the Vulcanite Paving Company of Phila- 
delphia. There are six leaching tanks 150 ft. long, 110 ft. wide, 
and 17^' ft. dee'p (45.0 by 3:1.5 l)V 5.3 m.). These each hold 10,000 
tons of ore. Tlu're are also three tanks of the same length and 
breadth, 10.} ft. deep, each holding 12,0(X) tons. Six days are 
required for treating the ore : one to fill the tank, two for leaching, 
two for washing and draining, and one for discharging. The 
spent electrolyte returning from the electrolytic tanks serves as 
a second-treatment solution in the leaching process. The extrac- 
tion obtained is slightly over 00 {XTcent. 

Before electrolyzing this solution the chlorine concentration 
has to be reduced to less than 0.5 g./l. For this purpose the solu- 
tion is agitated with finely divided cement copper. The size 
of the copix'r {days an important part in this operation. The 
cuprous chloride formed is dissolved in ferrous chloride and the 
cement copper is recovered by passing this solution of cuproas 
copper over scrap iron. 

‘ Tr. Am. Electroch. Soc. 28, 73 (1915). 
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After removing the chlorine the leach solution is passed through 
electrolytic tanks where copper is deposited on pure copper starting 
sheets. The anodes were originally hollow magnetite castings 
with walls 6 mm. thick (0.24 in.). The outside dimensions were 
13 cm. wide, 5 cm. thick, and 120 cm. long (5.1 by 2 by 47 in.). 
Five were placed on one bar. They were copi)er plated on the 
inside to give the requisite electric conductance. They were very 
fragile and the difficulty of getting a uniform coiqx^r plating on the 
insides of the casting did much to .shorten th('ir life. Duriron, 
which is the trade name for ferrosilicon containing 12 to 14 j^ercent 
silicon, was sui)stitutod as anod(‘ material. Though this is not 
entirely unattackable and has more resistance than the magne- 
tite electrode, it proved economically i)ractical. More recently 
this has been superseded by a lU'W alloy of copper, iron, and 
silicon, devolo])cd l)y the C'hili Copper Cojupany. One of the 
chief objections to the duriron anode was th(' amount of Iron 
introduced into the solution, which had to 1)0 discard(‘d with a 
simultaneous loss of acid. Ix'ad anodes cannot be u.sod on account 
of the nitrates present. 

The electrolytic tanks, like th(' leaching tanks, are made of reen- 
forced concrete and lined with mastic asj)halt. lOach tank is 5,7 
m. long (19 ft.), 1.95 m. wide (3.5 ft.), and 1.5 m. deep (5 ft.). 
There are 894 tanks in all, SO of which ar(‘ u.scd for starting shcMds. 
They are arranged in (‘ight electrical circuits and the solution flows 
through 1() in ca.scade. Starting sheets an* deposited on copi)or 
blanks in special tanks with copi)er anodes. A r(‘lativ('ly pure 
copper sulfate solution, entirely separate from th(‘ leach liquor, 
is circulated through these. 

The tank lining tends to ^‘come plastic almve 4(F (^, so in order 
to prevent the electrolyte from becoming too warm a portion of 
the partly electrolyzed solution is pumiK'd back to the storage tank 
and mixed with the incoming solutitm in order to e(pializ(‘ the 
temperature over the tankhou.se. These results are obtained by 
running the solution through the tankhous(‘ in two stages and if 
necessary over a cooling tower between the rn>t and .second stage. 

The solution first entering the depositing tjinks contains from 
3 to 5 percent copper and 2.5 to 3 |XTcrnt sulfuric acid, while 
the spent electrolyte finally leaving th(‘ tank room has a little over 
1 percent copjier and from 7 to 8 jx'rcent fna* acid. 

The starting sheets are approximately 3 ft. by 4 ft. The copper- 
silicon-iron anodes are in the form of slabs 1 in. by 5 in. wide 
by 52 in. long. Five of these are suspended 2 in. apart from a 



202 THEOKETICAL AND APPLIED ELECTROCHEMISTRY 

copper bar. In connecting the cathodes of a tank to the anodes 
of the next tank the Whitehead V-notch contact is used in which 
the cathode bar in one tank rests on the anode lug in the adjacent 
tank. 

With a current density of 12 to 14 amp./sq. ft. with duriron 
anodes a tank takes about 3 volts. The current efficiency is from 
83 to 86 percent. Anode consumption is from 4 to 7 percent of 
copper deposited. Tanks with the copper-silicon-iron anodes take 
only 2.3 volts, and these anodes last much longer. 

Cathodes arc pulled every 8 or 10 days weighing 140 to 160 lb. 
They are sent directly to the oil-fired melting furnace, where they 
arc refined and cast into high-grade wire bars. 

The capacity of the plant is 20,000 tons of ore a day, correspond- 
ing to 9000 tons of wire-bar copi)cr a month. ^ 

Electrolytic Zinc Extraction. — The ordinary method of re- 
covering zinc from its ores is to smelt in small externally heated 
retorts holding about 60 pounds of ore. These retorts last only 
from 20 to 40 days, and the loss of zinc by volatilization amounts 
to 25 percent or more. It is partly for these reasons that the 
electrolytic method luxs Ix'en developed. This consists in leaching 
the ore, purifying the solution, and depositing the zinc by elec- 
trolysis, with lead anodes. In spite of the crudeness of the smelt- 
ing method, electrolytic extraction can compete with smelting 
only when either power or ore is very cheap. Copper has not a 
very large margin of profit when extracted by the electrolytic 
method, and zinc is worth only one third as much and takes twice 
the energy per unit weight to decompose from a solution of its 
sulfate. Another limitation of the electrolytic method is that 
not all ores can be leached by present methods. 

During the last ttm years a number of plants in this country have 
dcveloi)ed the electrolytic method of zinc extraction from ores, 
using sulfate solutions, which are preferred to chloride solutions 
because the cells are simpler. They require no covers for leading 
off chlorine or diaphragms for keeping chlorine from the cathodes, 
both of which are necessary with zinc chloride solutions. The 
largest of these plants is that of the Anaconda Copper Mining 
Company at Great Falls, Montana, which produces 150 tons of 
electrolytic zinc a day. In this plant a complex zinc sulfide ore 
is roixsted, giving a mixture of zinc oxide and zinc sulfate. This 

^ The (Icsrription of thi.s plant is taken from E. A. Cappelen Smith, Tr. Am. 
Electroch. iSor. 25, 193 (1914), and from recent information kindly furnished 
by Mr. H. C. Bellinger, Vice-President of the Chili Exploration Company. 
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IS leached with a dilute solution of sulfuric acid. The recovery 
is only 70 to 80 percent of total or 95 to 98 i)orccnt of acid-soluble 
zinc. This solution is then purified in order to pet a pood zinc 
deposit. If purification is not properly done, zinc comes down in 
a spongy form which cannot be melted without largo oxidation 
loss. ’ 

In order to prevent the formation of zinc sponge : (1) the solution 
must be very completely freed from all metals more positive than 
zinc, so that they will not deposit and by their lower overvoltage 
make the liberation of hydrogen more ojisy. This would not only 
cause less zinc to deposit but would cause a large amount of zinc 
to dissolve by local action ; (2) the solution must be slightly acid 
so that basic compounds of zinc will not be deposited on the 
cathode ; (3) the current density should not be l)elow a certain 
minimum value, which may vary with other conditions but is 
about 1 amp./sq. dm.; (4) the concent rat icm of zinc should be 
high, between 40 and 60 g./l. ; and (5) the temi^'rature should 
be kept low.^ 

The degree to which purification is necc'ssary is shown below, 
where the maximum amounts of different imp\irities allowable arc 
given if present alone in solution. If more than one are present, 
a smaller amount is allowable in each : ^ 



Mo./L. 


Mu./L. 

Copper 

. . 10 

Iron 

.... 30 

Antimony 

. . 1 

Arsenic . . . . 

. . . . 1 

Manganese .... 

. . 350 

('udmium . . . 

.... 12 

Chlorine, less than . . 

. . 50 

Cobalt . . . . 

.... 1 


Vanadium is even more harmful than co})alt. Impurities cause 
trouble: (1) by depositing with zinc and making it impure, as in 
the case of cadmium, (2) by interfering with the electrolysis, and 
(3) by trouble in filtering. Antimony and cobalt are the most 
harmful impurities for the electrolysis, causing lapid solution of 
the deposited zinc. Iron and silica cause trouble in filtering. 

The solution entering the first tank of a cascade is nearly neutral 
and contains 6 to 8 percent zinc; on leaving the last tank it con- 

' The following are some of the more important of the numerous investiga- 
tions on sponge zinc; Kiliani, Berg- und Htittenin. Ztg. 1883, p. 2.50; Nahn- 
sen, Berg- und Htittenm. Ztg. 1891, 393; Mylius and Fromm, Z. anorg. 
Ch. 9 , 164 (1895); Foerster and Guenther, Z. Klektroch. 6, 20 (1898), and 
6, 301 (1899). 

•Ralston, Electrodeposition and IlydromelaUurgy of Zinc, p. 74 (1921). 
Somewhat different values are given for some of the imi)uritie8 by Ells- 
worth, Tr. Am. Eleetroch. Soc. 42 , 63 (1922). 
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tains 0.8 to 4 percent zinc and 5 to 15 percent sulfuric acid. 
This solution is used again for leaching. 

The electrolysis tanks of the Great Falls plant ^ are made of 
wood, lead lined, and are 3.12 m. (10 ft. 3 in.) long, 0.86 m. (2 ft. 
10 in.) wide, and 1.5 rn. (5 ft.) deep. The cathodes arc of alumi- 
num, 61 cm. wide by 107 cm. long by 0.48 cm. thick (2 ft. by 5 ft. 
by 1 % in.), 91 cm. (3 ft.) of which are submerged. The anodes are 
soft lead 0.95 cm. {'i in.) thick and 2.5 cm. (1 in.) smaller all around 
than the cathodes. There are 28 anodes and 27 cathodes per tank, 
placed with their adjacent surfaces 3 cm. (If in.) apart. The 
tanks are placed in cascades of six, but some fresh solution is added 



Courte^U Anaconda Cooper Mining Company 

Fig. 56. — Drawing Zinc, Great Falls Electrolytic 
Zinc Plant 


to each tank besides that from this circulation. 28 to 42 grams 
of glue {)er ton of metal produced are added at two-hour intervals. 

The current per tank is 10,0(K) ampc'res and the current density 
is 3.2 amp./sq. dm. With 10 j)ercent acid the voltage is 3.8. 
The tank house has 864 cells divided into six electrical units of 
blocks of 144 cells, subdivided into 24 cjiscades. 

The cathodes, shown in Figure 56, are usually stripped every 48 
hours and are 1 to 2 mm. thick, weighing 15 to 20 lb. The 
current efficiency is higher the higher the current density and the 
lower the acid concentration. If the acid concentration is in- 
creased, the current density must be increased correspondingly to 
keep the efficiency constant. The current efficiency may be 96 

^ Laist, Frick, Elton, and Caples, Tr. Am. Inst. Min. Met. Eng. 64 , 699 
(1921). 
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to 98 percent at first but drops off as the acid concentration 
increases.^ 

The current density in practice lies between 1.1 and 2.7 anip./sq. 
dm., but very smooth dense zinc is obtained at 11 amp./sq. dm. 
with a solution containing 250 to 300 grams of free acid per liter.^ 

The temi^erature of the electrolyte is around 40° C. and this 
requires lead-pipe cooling coils usually placed at the outlet end of 
the tank. 

The cathodes are melted by immersion in a bath of melted zinc 
and Ciist. The purity of ciist zinc is 99.9 percent.'* About 5 
percent is lost as dross in melting. Ammonium chloride is used 
as a flux. One of the problems of the electrolytic process is to 
recover the zinc from dross. 

The acid spray attacks the aluminum catliodes above the 
solution and causes a constant deterioration in that portion of 
the plates. With aluminum at 50 cents a f)ound this amounts to 
75 cents per ton of zinc deposited. 8o far no coating has been 
found that will resist the acid for any length of time. The alumi- 
num cathode is i to i in. thick. Plates i in. thick do not stand 
stripping, as they become rough and p('el off with the zinc. 

Zinc was made from chloride solutions before sulfate solutions 
were used, but the only plant using zinc chloride made from roasted 
ore is that of Brunner, Mond and (k)mpany at Winnington, 
England, by a process worked out by Hoepfner.-* 

Electrolytic Gold Extraction. — Gold is extractf'd from ore 
containing as little as 8 grams per ton by stirring thoroughly with 
solutions containing O.l to 0.05 [percent KCN. 

The reactions taking place arc : ^ 

2 Au + 4 KCN -f 2 11,0 + 0,-2 KAu(('N), + 2 KOH + 11,0,, 
2 Au + 4 KCN + \Uh = 2 KAiKCN), + 2 KOH. 

Sodium cyanide can also be used. 

The gold is then recovered from the solution either by the 
MacArthur-Forrest method of precipitation by zinc or the Siemens 
and Halske process of electrolytic deposition. 


^ For tables of current efficiencies under <lifTerent conditions, see Hansen, 
Tr. Am. Inst. Min. Enj?. 60 , 206 (1918). 

« Tainton, Tr. Am. Electroch. Soe. 41 , 389 (1922). 

* Copper, published by the Anaconda Copper Mining Co. p. 45 (1920). 

* Soe Guenther, Die Daretellung den Zinks nuj EUktrohjtiHchem Wegc (1904). 
^ Bodlaender, Z. angew. Ch. for 1896, p. 583. 
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The Siemens and Halske process was first used in South 
Africa.^ Iron anodes were used, 0.3 to 0.6 cm. thick, and lead-foil 
cathodes 0.00008 cm. thick. The anodes and cathodes were 
placed vertically 4 cm. apart. The sizes of the electrolysis tanks 
varied considerably. The first were 2.1 m. (6.2 ft.) long by 0.9 
(2.9 ft.) wide, but in later installations the size was reduced to 
facilitate handling. The anodes were inclosed in textile material 
to prevent short circuits and to collect the Prussian blue and iron 
oxide formed from the anodes. 

The lead cathodes were frequently cut into narrow strips to 
increase the surface. They were strung on wires held in light 
wooden frames. The most favored form of precipitating unit was 
to divide the containing box into alternate wide and narrow com- 
partments. The narrow compartments served for the down flow 
of the solution, while the electrodes were suspended in the wide 
compartments, in which the solution has an upward flow. The 
current density was 0.0033 to 0.0066 amp./sq. dm. of anode sur- 
face. After the cathodes had received 2 to 12 |)ereent of their 
weight of coherent gold deposit, they were removed and melted 
and the gold recovered by ciqxdlation. At Minas Prietas, Mexico, 
new details were adopted as work(‘d out by Butters. The tanks 
were 9 m. long, 3 m. wide, and 1.5 m. d(‘ep (29.6 by 9.9 by 4.9 ft.) 
with a sloping bottom for removing the precipitate. The arrange- 
ment of compartments was the same as in the Si(?mens and Halske 
process. Mach wide compartment has 18 lead anodes 121 cm. by 
66 cm., coated with lead peroxide by electrolyzing in a special cell. 

There were 17 lead-foil cathodes cut in strips, as in the Siemens 
and Halske process, but were later changed to tin plate for increased 
mechanical strength. The current density was such that the 
metals were tleposited as a flocculent precipitate which partly 
fell to the bottom of the cell, and partly adhered to the cathode. 
The current density was 0.059 amp./sq. dm. (0.55 amp./sq. ft.) 
of anode surface, at about 3 volts. The composition of the solution 
was as follows : 



Gold, Grams 

Silver, Grams 

Cyanide IN Terms 


PER Ton 

PER Ton 

OP KCN, Percent 

Entering electrolysis cell . . 

4..57 

109.2 

0.0792 

Leaving electrolysis cell . . 

0.404 

9.02 

0.0938 


^ ClevenRer, Tr. Am. Eloofcroch. Soe. 28 , 203 (191.5). For an e.xperi- 
mental study of tlie elect rodoposition of ^eld and silver from cyanide solu- 
tions, see Christy, Bureau of Mines Bull. No. 150 (1919). 
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The percent precipitated was: gold, 91.0; silver, 91.7. 

Of all anode material tried, peroxidized lead is the most satis- 
factory. An important advantage is that lead has a salvage value 
afU'r serving as anode. Lead anodes are ptToxidized in a cell 
where a few are treated at a time. At Minas Prietas they are 
first scratch-brushed and then electrolyzed in a 1 percent potassium 
permanganate solution with a current density of 0.11 amp./sq. dm. 
(1 amp./sq. ft.) for one hour. Fresh permanganate is added to 
keep the strength up to 1 jx'rcent. 

At San Sebastian, Salvador, the peroxidizing electrolyte contained 
1 percent of potassium pc^rmanganate, 2 i^rcent sulfuric acid, 
and the current density was 0.28 ainp./sq. dm. (2.0 amp./sq. ft.) 
for a period of 6 hours. 

The life of peroxidized lead anodes is about 8 months to over a 

The current efficiencies for the deposition of gold from solu- 
tions containing 10 grams of gold per ton and 0.05 percent potas- 
sium cyanide are : ^ 



/sq. ft.) 7.6 percent 
- ) :t.8 “ 

“ ) 0 4 “ 


The electrolytic method is not used at present because the 
zinc method is less exi)ensive.2 

Electrolytic Cadmium Extraction. — Cadmium occurs only in 
small quantities in its ores, and its production is profitable only 
as a by-product. A plant for the electrolytic recovery of flue dust 
consisting mainly of zinc oxide, with the production of cadmium aa 
a by-product, was ojx'rated until the armistice at Kennctt, ( ali- 
fornia, by the United States Smelting, Refining, and Mining ( om- 
pany In purifying the zinc solution for electrolysis copi^er and 
cadmium are precipitated by zinc dust. This ,n-eeipitate, havinj? 
the appearance of black mud, i.s dissolved m dilute sulfuric acid 
leaving copper behind. Cadmium is preeipiUited on zinc sheets 
by cementation, and is dissolved in acid eadramm electrolyte. 
Iron and thallium are removed, and cadmium is precipitated on 
rotating aluminum cathodes, from which it is easily striped. Its 
sulfide is used as a pigment, and in the metallic state it is used 
for low-melting-point alloys.^ 


‘Neumann, Z. Elektroch. 12, 569 (1906). 

*Gowland, The Metallurgy of the Non-ferrous Metals, p. 325 (1921). 
•Hanley, Chem. Met. Eng. 23, 1257 (19!W). 



208 THEORETICAL AND APPLIED ELECTROCHEMISTRY 


Experiments on electrolytic cadmium are now in progress at the 
Great Falls plant of the Anaconda Copper Mining Company. 

Electrol3rtic Iron Extraction. — In this country the Eustis 
process for extracting iron and producing pure iron either as tubes 
or sheets is under development. This process is as follows : ^ 



Anode Cathode Iron 

FeCl^ Solution 99.99 Percent Pure 


Fi«. 57. — Flow Sheet of Eustis Process 


Pyrrhotite is leached with a solution equimolar in FeCl 2 and 
FeCls according to the reaction : 

FeS + 2 FeCU = S -f- 3 FeCl. -f 22,000 cal. 

(700 B.t.u. per pound of iron dissolved). 

Sulfur and insoluble material are filtered off and the solution 
is purified. The sulfur is sold. Copjx'r is removed by metallic 

^U. S. Pat. 1,377,822 (1921); Perin and Belcher, Mining and Metallurgy, 
No. 180, p. 17 (1921) ; Eustis, Mining and Met. Soc. of \in., Sept. 27 (1922) ; 
also Met. Chem. Eng. 27, 084 (1920). 
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iron, zinc and cadmium by hydrogen sulfide or a soluble alkaline 
sulfide. 

The flow sheet is shown in Figure 57. 

The diaphragm cell used resembles a caustic soda cell. Iron 
is deposited from ferrous chloride solution on the cathode, and 
ferrous chloride is oxidized to the ferric state on graphite anodes 
in the anode compartment; the concentration of fi'rric chloride 
reaches 70 g./l. and about the same amount of fibrous chloride. 
The cathode current efficiency is 95 ix^rcent. 

The purity of the iron causes it to be V('ry ductile, rust resisting, 
and to have relatively high thermal and electrical conductivities.^ 
Similar work is being done by the C onsolidated Mining & Smelting 
Co. at Trail, B. C. 

Electrolytic Nickel Extraction. — For a number of years nickel 
and coppc'r were extracted by th(‘ Canadian CopjKT ( 'ompany from 
ore containing 2 percent of each metal by a ])r()cess due to David 
H. Browne, which was operated in ('levcdand, i)roducing daily 
454 kg. of pure nickel and a corresponding amount of copper.^ 

The ore is roasted, and then reduced by coke in the presence of 
lime. There results a matte' containing 20 to 25 }K'rcent copper, 
18 to 23 percent nickel, 25 to 35 |K*rcent iron, and 20 to 33 percent 
sulfur. The matte is broken up into pieces about 1 mm. in 
diameter and freed from sulfur by roasting, aftc'r which it is 
reduced with charcoal, and half of the coi)iK*r-nickel alloy poured 
into water to get it into a fine state of division .so that it will di.ssolve 
easily. The other half is cast into anodes, 75 cm. wide, GO cm. 
long, and 2.5 cm. thick, containing 53.4 |x'rcent copix'r, 43.08 jx^r- 
cent nickel, and the rest iron and sulfur. A .solution containing 
sodium chloride and hydrochloric acid flows over the finely divided 
nickel-copper and alloy in a shot tower in the presence of chlorine 
gas. This solution coming from the .shot tow('r and containing 
44.3 g. copper, 55.6 g. nickel, anil 1(K) g. sodium chloride per liter 
passes to the electrolytic tanks in which copj^r is deposited. 
These are arranged in the multiple system, with the nickel-copper 
anodes described above, and with copfx'r starting sheets as cath- 
odes, which arc removed for melting every three or four weeks. 
The anode scrap is remelted. The tanks are cement 256 cm. long, 
85 cm. wide, and 67.5 cm. deep, and contain 1.534 cubic meters 
of electrolyte. The circulation is the cascade system. The 
voltage per tank is 0.25 to 0.41 volt and the current 500 amperes. 

* StouRhton, Chem. Met. Eng. 16 , 128 (1922). 

* Haber, Z. Electroch. 9 , 392 (1903). 
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Copper deposits in a coherent but not dense form, since the copper 
is deposited from a cuprous chloride solution. The current 
efficiency is between 85 and 95 percent. The solution from these 
tanks contains nickel and copper in the ratio of 80 to 1. The 
copper still remaining; is removed by treatment with sodium sul- 
fide and the copjx^r sulfide is filtered off. Iron is then oxidized 
to the ferric state by chlorine from the nickel electrolysis baths and 
is precipitated by sodium hydrate. The solution is then concen- 
trated in an evap()ratf)r for the precipitation of sodium chloride, 
after which the hot solution passes to the cells for electrolytic 
deposition of nickel. 

The cells for nickel deposition are also of concrete, the circula- 
tion is in cascade, and the (dectrodes are connected in the multiple 
system. The dimensions are: 2.87 cm. long, 71.5 cm. wide, and 
40 cm. deep. The cathodes are starting sheets of thin stiips of 
sheet nickel 88 cm. long and 14.5 cm. wide. A number of these 
are hung on a rod placed lengthwise across the top of the tank. 
The anodes are graphite plaU'S surrounded by a diaphragm con- 
sisting of clay cells of elliptical shape with the bottoms removed. 
These reach nearly to the bottom of the cells. Connection is 
made at the top of these diaphragms for carrying off the chlorine. 
The current efficiency for nickel is about 98.5 percent. The 
voltage is 8.6 for each bath with 896 amperes. The nickel cathodes 
are 3 cm. thick when finished, while the thickness of the starting 
sheets is 1 mm. The nickel is 99,85 percent pure, with 0.085 per- 
cent iron and 0.014 i^rcent copper. 

The Hi/hviette process is another method for extracting copper 
and nickel and separation of the two metals. It was first used in 
Norway and later at the Sault St, Marie works of the British 
America Nickel Cor|X)ration, Ltd., formerly the (Canadian Nickel 
Company.^ The besscunerized matte (known as “ white metal ”) 
contains 47 i)ercent nickel, 82 to 84 percent copper, 20 percent 
sulfur, and 0.24 to 0.4 jx^rcent iron. This is granulaU-d and is 
roasted to remove the bulk of the sulfur; it is then leached 
with 10 {X'rcent sulfuric acid, dissolving a large proportion of the 
copper and a very little nickel. The residue, containing 65 percent 
nickel, 3 to 8 percent sulfur, the rest copix'r with a trace of iron, 
is cast into anodes 91.5 cm. by 106.5 cm. and nearly 1.27 cm. 
thick. The cathodes are thin greased sheets of copper inclosed 
in porous bags, and have a wooden strip at the lower edge to pre- 

' Report of the Royul Ontario Nickel Commission, p. 477 (1917) ; Kershaw, 
EledrometaUurgy, p. *238 (1908). 
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vent buckling, as shown in Figure 58. The oloctrolyto, con- 
taining 45 g. of nickel and 3 to 5 mg. of copiwr per liter, is fed to 
the cathode compartment, where the level is kei)t higher than in 
the anode compartment to counteract 
the migration of copper. Thus only nickel 
is deposited, and this is stripped from th(' 
cathode sheets. The solution flowing from 
the anode compartment contains 2 to 3 g. 
of copper per liter, and is ])as.sed over 
anode scrap to cement the copper and 
enrich the solution in nickel. The solu- 
tion is then sent back to the cathode com- 
partment. The anode scrap amounts to 
about 30 to 40 percent of the original 
weight of the anodes and is about enough 
for this cementation. Eacli tank takes 3 
to 4 volts, and the current den.sity is from 
0.86 to 1.07 amp./sq. dm. (8 to 10 am])./s(j. ft.). 4'he cathodes 
are stripjx'd every ten days, giving .slu'c'ts 9.1 to 13. (> kg. in weight 
(20 to 30 lb.) and about 0.32 cm. thick. They an^ wjished in 
sulfuric acid to remove basic salts and are cut into pieces 5 by 
7.5 cm. for sale. The metal is guaranteed as follows: ‘ 


Pkhcfat 

Nickol (including up to I percent (\)) 1)H .'lO 

Iron, not more than .... ... 0 00 

Copper, not mon* than 0 15 

Sulfur, not more than 0.02 

Carbon, not more than 0.02 


The slime contains the precious metals. 

The cement copper made by purifying the solution over the 
anode scrap is sent to the smelter to b(‘ cjust into anodes for elec- 
trolytic refining. 

The British America Nickel Corporation hits also atapiired the 
Madsden process for the manufacture of malleable electrolytic 
nickel sheet, plates, and tuljcs. This consists in lifting the cathodes 
periodically from the nickel bath and keeping them out a proper 
time, and then continuing the electrolysis.^ 

Electrolytic Extraction of Other Metals. — Manganese can 
be deposited if the anode and cathode are separated by a dia- 

* From pamphlet published by the British Ainorira Xirkol Cor[)oration, 
Ltd., Ottawa, Canada. 

• C. P. Madsden, Tr. Am. Elcctroch. Soc. 39 , 483 (1921). 
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phragm, and a 6- to 7-normal manganese chloride solution, 1.5 
normal in ammonium chloride and 0.1 normal in hydrochloric acid 
is electrolyzed in the cathode compartment, with strong circula- 
tion, at a current density of 20 amp./sq. dm. at 30° C. The 
current efficiency is 50 to 60 percent. The purity is 99.9 to 100 
percent. The manganese can be stripped from a copper cathode 
in the form of a sheet.^ 

Sulfate solutions do not seem to lx? so successful for metallic 
manganese.^ 

Chromium could be extracted by the electroly.sis of the chromic 
acid solution given under the heading of electroplating, using a 
chromic acid .solution containing a little chromium sulfate. 
This would be expensive, for chromium costs about S3 a pound in 
the form of 80 percent chromic^ acid, while it is only 12 cents a 
pound as 60 percent fcTrochromium containing 4 to 6 percent 
carbon. A solution which giv('s a brittle but smooth deposit is the 
following:^ 12 percent chromium sulfate, 13 ])ercent chromic 
acid (CrOa), and 11 ix^rcent chromium oxide. The chromic acid 
disvsolves the oxide. It is not stated in the patents how the bath 
is to be kept up to strength or which of the compounds is decom- 
posed. 

Thallium can be extracted by the ck'ctrolysis of a nearly satu- 
rated solution of its .sulfate, with a I'datinum anode and copper 
cathode with a current (km.sity of 1.5 arnp./.sq. dm. The deposit 
is in the form of flakes and needles. * 

Indium can be de])osited easily from solutions of its salts. 

Gallium can Ix^ deposited from its solution in sodium hydrate.® 
or from a slightly acid sulfate solution.^ 

The Electrolytic Refining of Metals 

General Principles. — The object of electrolytic refining is to 
purify the metal and to recover any valuable impurities it may 
contain. 

* Unpublished work by Grube in Foerster, Elektrochemie u'asscriger Losun- 
gen, p. 500 (1922). 

* Van Arsdale and Maier, Tr. Am. Electroch. Soe. 33 , 109 (1918). 

>Salzcr, Germ. Pat. 221,472 (1907); 225,709 (1909). 

* Foerster, Z. anorg. Ch. 16 , 71 (1897) ; Zerber, Z. Elektroeh. 18 , 619 (1912). 

‘ Thiel, U. B. 37 , 175 (BKM). 

‘ Boisbaudran and Jungfleisch, C. r. 86, 475 (1878) ; Uslar and Browning, 
Am. J. Sci. 42 , 389 (1916). 

^ Richards and Boyer, J. Am. Ch. Soc. 41 , 133 (1919). 
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The process consists in electrolyzing the impure metal as anode 
in a solution of one of its salts, and depositing the pure metal on a 
pure thin sheet of the same metal, known as a starHiu) sheet. In 
some cases the cathode consists of a different metal, from which 
the deposited metal is stripped as thin sheets, or as loose crystals. 
Where starting sheets are used, the deposited metal is not removed, 
but both are melted down into the required form for ship- 
ping. 

The impurities are separated both at the anode and at the 
cathode. Impurities consisting of metals which are precipitated 
from their solutions by the metal to Ix^ refined (that is, more 
electropositive metals) do not dissolve appreciably, but either 
stick to the anode or drop off and fonn a part of the substance 
that collects in refining tanks, and which is known as afwfte mud 
or anode dime. The metals that would precipitate' the metal to 
be refined from its solution, or which are more electronegative 
dissolve, and remain in solution unless an insoluble compound 
is formed. In this case ev(‘n a more electronegative metal may 
be found in the slime. 

Since the impurities which are in solution are mor(‘ electro- 
negative than the metal to be refined, th(‘y an' not deposited at 
the cathod(\ The electropositive metals are then'fore separated 
at the anode, the electronegative at th(' cathode. Any metal 
which has nearly the same ek'ctrolytic potential as the metal 
which is refining can be separated from it only imperfectly. 

The soluble impurities would increase in concentration in the 
solution and might finally become so concent rati'd that they 
would ha deposited on the cathode. For this reason tlu' solution 
must Ixi purified from time to tim('. d'his i.s done by taking a 
certain portion of the solution from the tanks for purification 
continuously and replacing by pun' solution. 

Precious metals are electropositive to othi'rs, and are therefore 
found in the slimes. An important part of metal refining there- 
fore consists in working up the slimes to recover and purify these 
metals. This may involve one or more further electrolytic treat- 
ments similar to the one by which the original slime was pro- 
duced. Thus in copper refining, silver, obtained from the slime 
containing gold and platinum, may Ix' cast into an anode and the 
silver refined. This gives anode mud containing gold and plati- 
num. The gold-containing platinum is then refined, but in this 
case the platinum goes into solution and is separated from the gold 
at the cathode. 
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£lectrol3rtic Copper Refining. — Copper of high purity is re- 
quired for the construction of electric machinery, on account of 
the better electric conductivity of pure copper. Moreover, 
the impurities in copper usually consist of one or more precious 
metals, such as silver, gold, and platinum, besides others of less 
value, which can be recovered by r(‘fining. For these reasons the 
electrolytic refining of copper is one of the largest of the electro- 
chemical industries. The United States furnishes over one half 
of the world’s copper, 81 |iercent of which is electrolytic. 

Table 33 gives a list of the principal electrolytic copper refineries 
of North America with their yearly capacity in pounds. 


Table 33. Elextuolytic Coiteh ItKFi.\EuiE:s in North Amexiica^ 


WORKH 

Location 

Yearly Capacity 
IN Pounds 

Process 

American Smelting & Re- 
fining Co. 

Baltimore, Md. 

720,0(X),0(K) 

Series and 
Multiple 

Nichols Copper (^o. 

Laurel Hill, N. Y. 

500,000,000 

Series 

Raritan Copper Works 

P('rth Amboy, N. J. 

480,000,000 

Multiple 

U. S. Metals Refining (^o. 
American Smelting & Re- 

(’artaret, N. J. 

240,000,0002 

Multiple 

fining Co. 

Maurer, N. J. 

240,000,000 

Multiple 

Anaconda Copper Mining 




Co. 

Great Falls, Montana 

2ir),(X)o,ooo 

Multiple 

American Smelting & Re- 


fining Co. 

Tacoma, Washington 

204,000,000 

Multiple 

Calumet & Hecla Mining 




Co. 

Ilubbell, Mich. 

00,000,000 

Multiple 

Consolidated Mining and 



Smelting Co. 

Trail, B. C. 

50,000,000 

Multiple 

British America Nickel 




Corp. 

Desehenes, Que. 

8,000,000 

2,718,000,000 

Multiple 

1 


The Electrolyte. — The electrolyte consists of a copper sulfate 
solution containing free sulfuric acid and 1 to 2 parts of glue are 
added to 8,000,000 parts of electrolyte every day. The additions 
are made in 8- to 12-hour intervals. Glue toughens the deposit 
and if too much is used, it will cause sharp needle-like crystals to 
form on the points of the nodules and also causes the nodules to 
adhere very tenaciously to the cathode. This gives a rough 
cathode and low current efficiency. 

* Yearbook of the Am. Bureau of Metal Statistics for 1922, p. 17. 

* Now being increased 50 percent. 
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In the tanks for making starting sheets a larger amount of glue 
is used, from 1 to 2 parts to 150,000 of solution. This is to give 
the sheet the necessary toughness so it can l)e stripped easily. 
This extra amount of glue increases the resistance of the electrolyte 
5 percent. 

The electrolyte also contains a small amount of sodium chloride 
or hydrochloric acid to precipitate antimony as the oxichloride. 
The chlorine concfmt ration is generally maintained at from 0.035 
to 0.050 g./l. Too much salt will cause needles or moss to form 
on the cathodes. 

The composition of the solution has gradually been changed 
from 4 percent coppt'r and 8 percent free acid to the present values 
of 2.75 jx'rcent copjx'r and 12 pc'rcent free acid.’ 

The composition tends to change during working on account 
of the solution of electronegative impuriti(‘s in place of an equiva- 
lent amount of copper. On the other hand, copi^er dissolves in 
sulfuric acid under the influence of atnmspheric oxygen. In the 
case of high-grade anodes, chemical solution of copjxT more than 
makes up for the loss due to impurities, and about 1 to 2 percent 
of the cathode capacity has to 1)0 removed eithc'r by crystallizing 
copper sulfate or by (k'positing the copf)er with unattackable 
anodes often consisting of antimonial lead. 

The temperature of the (‘led roly te should be near the prac- 
tical limit of G0° C., and is hc'ated in storage tanks by steampipes. 
The main reason for using a warm electrolyte is that it makes the 
deposited copper smoother and denser, makes the use of higher 
current densities possilde, and lowers the power reejuired, but it 
also increases the chemical action. With no steam heating and 
with a current density of about 1.7 amp./sq. dm. (16 amp./sq. 
ft.), the temperature of the electrolyte would Ix' about 14° C. 
above the temperature of the atmosphere of a tank room, which 
is around 21° C. and it is very humid unl(‘ss there is good venti- 
lation.2 

Continuous circulation is neces.sary to (‘qualize the differences 
in composition caused by the elc'ctrolysis, TIk* solution tends to 
become concentrated at the anode and dilute at the cathode, and 
if left to itself, the hea\y solution would fall to the bottom of the 
tank and the light solution would rise to the top. This would 
result in a very uneven deposit of coppi'r, for the concentrated 

^Addicks, Copper Refining, p. 52 (1921). 

*Addick8, Met, Chem. Eng. 16, 311 (1917); and Copper Refining, p. 60 
(1921). 



216 THEORETICAL AND APPLIED ELECTROCHEMISTRY 


solution at the bottom would conduct better, and cause a heavier 
deposit of copper on the lower end of the cathode than elsewhere. 
The anodes would also be unevenly attacked. The greater the 
current density the greater the rate of circulation must be, but 
it must not be so rapid as to prevent the settling of the anode mud. 
For 20 amp./scp ft. the rate is 34 gal./min. At this rate the solu- 
tion in a tank 11 ft. by 3^ ft. by 34^ ft. would be replaced in 3 to 4 
hours. 

The usual method of circulation is to arrange rows of vats on 
terraces with steps 5 to 8 centimeters high (2 to 3 in.) and to allow 
the solution to overflow from the higher to the lower rows of tanks. 
The electrolyte is collected in a w(‘ll from which it is raised by a 
pump to a main, whence part flows to a distribufing box for the 
tanks, and part goes to vats with insoluble anodes where the 
electrolyte is freed from dissolved metals and is then returned to 
the main circuit. A partition at the end of each vat reaches to 
within 15 to 20 (;entiineters of the bottom. The overflow is thus 
received at the top and drawn from the bottom, or the reverse. 
It is preferable to have the solution leave by an overflow at the 
top, as this maintains a more uniform level of solution. A uni- 
form level is essential, as a changing lev(*l tends to dissolve the 
cathode and cut it off entirely. Also an ovctHow' from the bottom 
offers more chance for the slime to Ix^ carried to the launders and 
heating tanks. 

Circulation does not entindy prevent stratification. This is evi- 
dent from the table on the following page showing the condition 
at Great Falls, where the current density has the high value of 3.9 
amp./sq, dm. (36 amp./.sq. ft.) The samples of electrolyte were 
taken between the center pair of electrodes at the distances Mow 
the surface of the electrolyte showui in the fii*st column.^ 

The simplest and the original method of purifying the electro- 
lyte consists in cementing the copper upon iron and throwing 
the copper-free liquor away. Scrap iron is piled in a lead-lined 
tank, the liquor run in and brought to boiling by steam heat, and 
precipitation is complete in an hour. The copper-free liquor is 
run into the sewer and an occasional cleaning of cement copper is 
made. Sometimes more than twice the theoretical weight of iron 
is required for precipitating the copper, on account of the fact 
that the iron is not pure, some is dissolved by the free acid, and 
other metals besides copper are precipitated. 

This method is simple, but the copper is only about 70 percent 
^ Burns, Trans. Am, Inst. Mining Eng. 46, 703 (1913). 
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ClRCUI^TION AT THE RaTE OF 23 L1TKR8 PER MlNl'TE 


Distance below 
Surface 

Specific Gravity 

Acid, in Grams per 
Liter 

Copper, in Grams per 
Liter 

15 cm. 


174 

88.4 

1(X) cm. 

1.228 

158 

49.9 


Circulation at the Rate of 57 Liters per Minute 


15 cm. 

1.210 

167 

37.8 

100 cm. 

1.265 

146 

66.4 


Circulation Shut off Ska i n Hourr 


15 cm. 

1.185 ; 

179 

28.4 

100 cm. 

1,255 

188 

65.5 


pure, the scrap iron is a larfije item of ('xpemso. {ind Loth fn'c and 
comhined sulfuric acid is entirely wasted. It is considered a 
legitimate emergency measure for dealing with a had (‘lectrolyte. 

The next purification method develojX'd is to manufacture 
copper sulfate from electrolyte as raw material. The process 
is: (1) neutralization of free acid by anode* copper, (2) concen- 
tration of neutral liquor by boiling, (3) crystallization of heavy 
liepior, and (4) cementation of mother liejuor. The plant required 
is large, and is deix^ndcnt on the market for blue stone. This 
method is still more or less used, though generally in addition to 
other methods. 

The method of purification in general use is to divert to insoluble 
anode tanks just enough electrolytes to keep thi* detennining 
impurity at the desired point. This is either nickel or arsenic, 
and is usually nickel.^ If arsenic is the main impurity and but little 
nickel is present, the solution may t)e returned dirt'ctly to the refin- 
ing tanks after plating out all of the arsenic and copper. Three 
tanks in series are required to reduce the copper and arsenic down to 
0.1 percent or less. If much nickel is presemt, the liquor is sent to 
a steam boiling tank in place of lieing returned to the refining 
tanks, where it is concentrated to a sfK'cific gravity of 1.37 (40® 
Beaum^*). The liquor is now nearly copper free, and of high acid 
content, consequently not seriously corrosive, and is transferred to 
a boiler-plate tank, where it is concentrated by direct fire to a 

^ Addicks, Met. Chein. Eng. 16, 689 (1917). 
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specific gravity of 1.91 (66® Beaum6). At this strength all im- 
purities have been precipitated as anhydrous sulfates except the 
small amount of arsenic which came through the insoluble anode 
tanks and the sodium and potassium salts. The heavy liquor is 
separated from its suspended solids by a sand filter. The salts 


Electrolyte 


Good Cathode 
Copper 

i 

Bad Copper to 
Anode Furnaces 


Sludge to 
Smelter 

i 


■> Water Vapor 


Water Vapor 


Crude Nickel Salt 


Sodium Salta 


Fio. 69. — Flow Sheet, Purification op Electrolyte in Copper 
Refining 

are transferred to a draining board, and then to a sucking tub, 
where the remaining acid is wavshed out with a little water. The 
partly washed salts are then shoveled on to a drying floor. The 
strongly acid filtrate is chilled, with the consequent precipitation 
of much of the sodium sulfate, and its then returned to the main 
electrolyte. 

The process is illustrated by the flow-sheet in Figure 59.^ 

It has been proposed to take advantage of the tendency of the 
^Met. Chera. Eng. 16, 691 (1917). 



Insoluble Anode Tank 
60 Percent Current Efficiency 

i 

Insoluble Anode Tank Deposit 
Half Copper and Half Arsenic 


i 

Insoluble Anode Tank 
85 Percent Current Efficiency 











THEORETICAL AND APPLIED ELECTROCHEMISTRY 219 


solution to stratify to effect a saving in the nunilxT of tanks with 
unattackable anodes.* The plan is to eliniinato the first series of 
tanks with unattackable anodes, by allowing the solution to stratify 
in tanks especially designed for the purpose, so that a solution can 
be obtained whose copper content is the same as that entering the 
second set of tanks with unattackable anodes. The impurities 
do not stratify, so just as much impurity from the stratifying 
tanks per unit volume is removed as from the ordinary tanks. 

A sectional elevation of a stratifying tank is shown in Figure 60. 
AB is the slime line, H the outlet for removing slime, CD the solu- 



tion line. The electrodes are omitted for clearness. The elec- 
trolyte enters through E and is withdrawn through G and F. The 
flow from the upp('r and lower outlets is so n'gulated that there is 
sufficient copper in solution at all points of the cathode to give a 
good deposit, and still a solution high in coi)per is withdrawn from 
F, and a solution from G which is lower in coi)per than is usually 
obtained from the first .set of tanks with insoluble anodes. The 
cathode is in all respects similar to those drawn from the regular 
refining tanks. Thus the first set of tanks with insoluble anodes 
may bo omitted, with saving in the exj^ense of depositing a large 
amount of copper with unattackable anodes. 

Table 34 gives the analysis of a representative electrolyte. 

Table 34. Analysis of Recuesentative Eleitkolytk* 

Specific gravity, l 

Free acid, 12.03 iKTci'iit 

Percent Pxhcent 


Copper 2.94 Bismuth 0.0026 

Nickel 1.48 Zme 0.0166 

Chloride O.OaSl Alumina 0.0595 

Arsenic 0.916 Calcium sulfate . . . 0.1384 

Antimony 0.a350 Magnesium sulfate . . 0.0370 

Iron 0.060 Sodium sulfate . . . 0.6048 


‘ Pyne, Tr. Am. Electroch Sf)c. 28, 111 (1915). 
* Addicks, Met. Chem. Eng. 16, 689 (1917). 
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The working resistance of the electrolyte at 49° C. is about 2.0 
ohms per centimeter cube (0.8 ohm per inch cube ) } If these results 
in the foot-note are represented graphically, they show that the 
addition of copixT sulfate to a sulfuric acid solution containing 
3 g. of acid p(^r 100 cc. d(Xis not change the conductivity; for 
more dilute acid the conductivity is increased, and for more con- 
centrated, it is reduced. The temixirature coefficient for solutions 
containing equal amounts of sulfuric acid and anhydrous copper 
sulfate is about 0.97 p(‘rcent per degree. 

The Composition of Anodes and Cathodes. — The composition 
of anodes and cathodes is given in Table 35.^ 

Tarlk .'ir). Avera<jb Comi’o.sltion of Anodes and 

OF (UtIIODES AFrEH MeLTIN(} TO WlUE BaIIS 


Elkmknp 

Pi IK’KNT IN 

Anodk 

PkIK'KNT in 
W iui; li,KH 

PkIICI NT<»r()HI<}IN\l. 

Imi'uhiti in Anouk 
Koi'Nu in Wiuk 
lUii *= A 

lOKKIC’IKNrY OF 

Hki.inino= 100 - A 

Copper . . . 

Silver . . . 

99.080 

0.1687 

99.989 

0.(X)181 

0 78 

99.22 

Gold. . . . 

0.{K).5l 

0.(K)0018 

0.25 

99 75 

Sulfur . . . 

0.(K)7r) 

0.0029 

88.(X) 

01.40 

Nickel . . . 

0.82(K) 

0.0087 

1.15 

98.85 

Ijond .... 

0.(t567 

0.(K)20 

8.52 

96.48 

Arsenic . . . 

0.0528 

0.(K)15 

2.87 

97.18 

Antimony . . 

0.0109 

0.(K)81 

8.82 

91.68 

Bismuth . . 

0.0051 

Trace 

— 


Tellurium . , 

0.0282 

0.(KX)15 

0.,58 

99.17 

Selenium . . 

0.0682 

0.(XX)40 

0 59 

99.41 

Iron .... 

0.0181 

0.(X)89 

81 55 

78.45 


The electrical conductivity, annealed, is 100 to 101 percent of 
the Annealed Copp('r Standard (100 ixu-cent corresponds to 0.15328 
ohm per metergram at 20° (^.). 

This table shows that while measurable amounts of practically 
all impurities are found in the cathode, the efficiency of refining is 
very high for most of the impurities. The poor showing of iron 
and sulhir is due to the introduction of these impurities in melting. 

‘ Acldicks, Cop])er Refining, p. 52 (1021). For conductivities of mixtures 
of copiKT sulfivtc and sulfuric acid in diftorent proportions see Richardson 
and Tavlor, Tr. Ain. Electroch. Soc 20 , 179 (1011); Goodwin and Horach, 
Chcin. and Met. KnR. 21 , 181 (1019) ; Kern and Cluing, Tr. Am. Electroch. 
Soc. 41 , 181 (1922). 

* Addicks, Met. C^hem. Eng. 16 , 688 (1917). 
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The impurities in the finished cathodes are pjuaranteed not to 
exceed 0.12 percent, an(i the c()p|)er coinnionly does run 99.93 
percent in the melted bar. The impurities in tli(' catliode may get 
there in a variety of ways by electrolytic de|X)siti()n, by inclusion 
in the crystalline structure of the cathode, mechanical contamina- 
tion from anode slimes suspended in the electrolyte, and sub- 
stances entering during melting from the furnace, fu(‘l, or tools. 
The relative extent to which these sources are responsible for the 
impurities in the cathode has not Ix^en d(‘termined. Impiirities 
may cause a lowering in the conductivity, as ^\ith phosphorus, 
aluminum, silicon, arsenic, and antimony ; ortlaw caus(' I)rittlenes8 
or weakness, as with bismuth, lead, t(‘llurium, and s(‘lenium, or 
they may be a source of loss of valuable' by-products, as in tlu? case 
of silver, gold, platinum, and pallatlium. 

The metallic impurities in cathode copix'r may total t).02 percent, 
having an unaccounted-for diffen'iice, part of which is supposed 
to bo included electrolyte and i)art hydroge'u ('itla'r occluded or as 
hydride,^ 

Table 36. Analyses of Tu'Icm. Anode Slimes -^ 



A 

I’KKONT U\W 

B‘ 

C 

I’l u< r\ 

D 

r UoiLKi* 

E 

(\)j)per 

14 3 

43.3 

20 

1 60 

1.14 

Silver 

3.>.() 

17.2 

37 

41 .5 

29.5 

Gold 

O.tFl 

0.12 

0 6 

0.7 

0.7 

Platinum .... 

— 

0.00017 


0.(XK)7 

— 

Palladium .... 

— 

— 


0.(KJ06 

— 

Nickel 

.5.2.") 

0.08 


0.89 

1.07 

Cobalt 


0.(K)6 

- - 

--- 

— 

Ars('nic 

2.6H 

3.03 

1.0 

1.42 i 

1.20 

Antimony .... 

.5.3.5 

3. 46 

8.0 

3.84 

5.70 

Bismuth 

0.46 

0.11 


0.37 

0.20 

Sulfur 

1.69 

13.21 

— 

2.48 

1.97 

Iron 

0.17 

0.3G 

! — 

0.24 

0.26 

Lead 

2.44 

0.76 

— 

7.33 

18.60 

Selenium 

.5.70 

1 1 20 

— 

12.94 

11.24 

Tellurium .... 

2.69 

1 2.10 


.5 72 

6.20 

Zine 

Trace 

0.09 


Trace 

Trace 

Silica 

4.40 

0.18 


.5.29 

4.71 


^ Acldioks, Tr. Am. FJlectrooh. Soc. 26, 51 tlOH); Mot. Cheni. Eng. 16, 
687 (1917). 

* Addicks, Met. Chem. Eng. 16, 24 ( 1917 ). 

» Addieks, Met. Chem. Eng. 17, 171 (1917) 

* Bums, Tr. Am. Inst. Min. Eng. 46, 712 (1913). 
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The Armle Mtid. — The anode mud amounts to I to 3 percent 
of the anode after coarse particles have been removed by passing 
through a 40-mcsh screen (containing holes 0.062 cm. square). 
When this has accumulated in sufficient quantity, after a week or 
ten days, the tanks are cut out of service, and the electrodes 
removed. The solution is allowc'd to clarify for an hour and is 
drawn off ; the slime is then sluiced out through a hole in the 
bottom of the tank with a trough leading to the collecting tank. 
Table 36 gives the analyses of typical anode slimes. 

Slime B is from converter anodes, giving high copper and sul- 
fur contents. C and D are analyses after the slime has been 
somewhat oxidized and leached with dilute sulfuric acid to 
remove the copper. 

The problem of working up slimes is the most difficult of all 
in copper refining.^ It consists in (1) the production of nearly 
copper-free slime, by screening th(‘ coarse copper and dissolving 
the rest with boiling sulfuric acid in the presence of air or a 
nitrate ; (2) smelting to dor(^, which is silver containing gold and 
the other im])urities, and (3) refining the silver and gold, usually 
electrolytically. The bullion is cast into anodes and refined elec- 
trolytically. 

The large amount of copix'r in the slimes comes from the large 
pieces that fall from the electrodes, and from the fact that part 
of the copiXT dissolves in the univalent state, and then changes 
according to the reaction : 

2 Cu+ = Cu -f Cu++, 

thus depositing finely divided copper. (See page 134.) 

The by-products of electrolytic copper refining are the follow- 
ing: gold, silver, platinum, palladium, lead, nickel, and antimony, 
which have an unlimited market: bismuth, arsenic, cobalt, and 
selenium, with a limited market ; and tellurium, with no market 
at all.* Both selenium and tellurium could be produced in large 
quantities if there were a sufficient demand. 

The Behavior of Impurities in Copper Anodes} — The impuri- 
ties in copper anodes to be considered are : 

'Addicks, Copper Refining, p. 108 (1921), where details of the present 
practice are given. 

« Addieks, Met. Chem. Eng. 17, 169 (1917). 

* Hofman, Metallurgy of Copjnr, p. 485 (1914); Kiliani, Berg, und 
Htlttonm. Ztg., 1885, 249, 261, and 27:j. Tlie presence of AgaSe and the 
oompounds subsequent to thi« under group 3 from private communication. 
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1. Mn, Zn, Fb, Co, Ni, Sn, Pb, olcctrone^ativo to copper, 

2. Ag, All, Pt, Se, Te, electropositive to copper. 

3. CU 2 O, Cu 2 Se, Cu 2 Te, CU 2 S, Ag 2 Se, Ag 2 Te, possibly also 
arsenates of Bi and Sb. 

4. As, Bi, Sb. 

The metals of the first group are more electronegative than copper 
and are therefore completely converted to sulfates. Manganese, 
zinc, iron, cobalt, and nickel are also attacked by free acid and 
neutralize it. The sulfates of these metals are soluble and con- 
sequently accumulate in solution and must lx‘ removed from time 
to time as explained above. They can become fairly concentrated 
before there is danger of their deposition on the cathode with the 
copper, because they are so much more electronegative than 
copfx^r. 

Iron dissolves as ferrous sulfate, and is then oxidized to ferric 
sulfate by the current and the air. On reaching the cathode by 
circulation it will then be reduced to ferrous sulfate, causing a 
lowering in the current efficiency for copper. 

Lead sulfate is insoluble and goes into the anode mud. 

Tin first dissolves and then is precipitated as a basic sulfate, 
but if much is present in the anodes, the greater part will be left 
as a basic sulfate on the anode itself. 

The metals of the second group all go into the anode mud, 
though if the solution were neutral, silver would dissolve and be 
precipitated with the copper. 

None of the metals of the third group are attacked electrolyti- 
cally. Cuprous oxide, which is always present in copp(‘r anodes, 
falls to the bottom and is slowly dissolved by the acid. 

The fourth group consists of metals that go partly into the mud, 
and partly into solution, and this group causes the greatest diffi- 
culties in copper refining. 

Arsenic probably first forms arsenic sulfate, but this is nearly 
completely hydrolyzed : 

As 2 (S 04)3 + 3 H2O - AsjOs -f 3 H2SO4. 

The arsenic oxide is partly precipitated and goes into the mud, 
while a certain part stays in solution, corresponding to its solu* 
biUty. If nickel is present in the anode, it forms an insoluble 
alloy with arsenic, and causes it to go nearly entirely into the 
mud.‘ If the arsenic content of the electrolyte reaches 2 percent, 

^Min. Ind., 1912, p. 290. 
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it is precipitated on the cathode, and the aim is to keep it below 
1.25 per cent. When only small quantities of arsenic are in the 
anode, it all p;oe8 into the mud. 

The presence of small amounts of sodium chloride hinders the 
deposition of arsenic and antimony. 

The behavior of antimony is similar to that of arsenic, going 
partly into solution and part remaining as basic sulfate on the 
anode. Part that dissolves separates on long standing. In large- 
scale work some insoluble dark compound of antimony is often 
seen floating on the surface of the electrolyte. There is then danger 
of its getting into the cathode. It is removed from the last series 
of vats by fflacing a s(;reen across the outlet. The antimony con- 
tent of the electrolyte appears to remain at about tX'rcent. 
If the electrolyte is allowed to cool, antimony separates out as a 
grayish white basic salt on the side of the tanks and in the circula- 
tion pi|)('s. At times this becomes a serious problem from the 
point of view of clogged pipes and launders. 

Bismuth goes partly into the slime and partly into solution, but 
it separates in the course of time almost completely from the so- 
lution in the form of Inusic salts. Both bismuth and antimony 
usually occur in quantities too small to (uuise any trouble with 
cathode copper. 

The Two S’. — There are two methods of arranging the 

electrodes in the refining tanks, known as the tnuUiple system and 
the series system. In the multiple system the electrodes are alter- 
nately anodes and cathod<'s, and all of the same kind are con- 
nected electrically. In the s('ries system, only one electrode at 
each end of the tank is connected to the generator, and all the 
other electrodes are intermediate electrodes, that is, act as cathode 
on one side and anodes on the other. They are all alike and consist 
of the impure cop{X'r. In order to separate the pure copper 
deposited on the cathode side of the intermediate electrodes from 
any undissolved impure copper on the other side, the cathode 
side of the electrodes is painted over with some material which 
is conducting but which makes mechanical separation possible, 
such as a solution of resin in alcohol. 

The multiple system is much more extensively used than the 
scries system and will be taken up firct. 

The Multiple System. — In the multiple system the tanks are 
made of wood and are lined with hard lead about i in. thick, 
containing 0 ix'rcent antimony. The lining extends over the 
edges of the sides to prevent the wood from absorbing the elec- 
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trolytc. A strip of some insulating material, such as maple, must 
be placed on the lead-covered edge of the tanks on which to rest 
the electrodes. 

It has been found most economical in the long run to use high- 
grade, long-leaf yellow pine lumber, selected for i)lenty of pitch, 
for constructing the electrolytic tanks. It should be thoroughly 
dry to minimize shrinking. In order to pre.serve tlie lumber it 
should be painted with a number of coats of nonconducting asphalt 
paint, rather than with a paint with a carbon base. With ordinary 
care and frequent painting the life of a tank is from 7 to 10 years. 
After such an installation has been put into .service it is essential 
to repair leaks as fast as they develop, for although lead is r(‘sistant 
to sulfuric acid, it is attacked by the organic acids formed when 
sulfuric acid is brought in contact with wood, and tlie lining, as 
well as the wood, is destroyed. The tanks are supported on c(m- 
crete or brick piers 9 or 10 feet high, for th(‘ easy detection of leaks 
and run-overs. Sometimes a block of granite is us(‘d as an acid- 
proof footing for the i)iers. These pi(‘rs are built on an acid- 
proof floor which drains toward lead-lined sump tanks. liiach 
pier has a plate of glass between it and the tank to improve the 
insulation,* as shown in Figure 63. It has Ix'en found advisable 
to place thin lead caps over the tops of the glass idates to protect 



Flo. 61. — Evolution of Connectino Tankh in the Multiple System 


^ Easterbrooks, Met. Chcin. Eng. 6, 245 (1908). 
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them from solution leaks, dust, etc., which reduce their insulating 
value. 

The evolution of the method of connecting tanks together is 
shown in Figure 61.^ A is the arrangement in the first small in- 
stallations. The whole current of each tank has to flow through a 
copper bar connecting the tanks, and the bar must be large enough 
to carry this current. 

B is a modification once used at Anaconda. Parallel conductors 
half the size of those in A were used, thus halving the contact 
resistance between conductor bars and eh'ctrodes, 

A was then applied to two adjoining tanks, as shown at C. This 
resulted in halving the conductor bars recpiired, and saved voltage. 
Then came the Walker system, in which any numl)er of tanks are 
arranged side by side, like the two tanks in C. It was found ad- 
vantageous to sacrifice accessibility, which was preserved on one 
side of each tank at C, to power and investment saving. It re- 
sulted in a great saving in conductor bars, and has been generally 
adopted. In the most recent tank house of the Raritan C'opix?r 
Works (Figure 02) the saving amounted to between 45,000 lb. and 
50,000 lb, of copper over what would have been required if the 
arrangenlent in the original tank house had been employed. ^ 
The Walker system has been still further improved by having the 
cathodes of one tank make direct contact with the anode of the 
adjacent tank by having the end of the bar supporting the cathode 
rest directly on the supporting hook of the anode, in place of the 
two resting on a common (conductor placed on the side dividing 
the two tanks. This eliminates one contact. This contact be- 
tween the cathode and the anode of the adjoining tank consists 
in a wedge on the top of the anode lug of 60*^ and a slot of 53° 
in the bottom of the cathode rod, thus making the wedge bind.^ 
It has been found that oiling the contacts prevents corrosion and 
does not materially increase the resistance of the joint. 

The anodes arc cast in the desired form either directly from the 
converter or better from a reverlx'rating furnace where the oxygen 
and sulfur dioxide contents have been reduced by poling. The 
standard form of casting is shown in Figure 63 as well as the method 
of constructing and supporting the tanks.^ The anodes are usually 

. ^ Addicks, Copper Refilling, p. 40 (1922) ; Met. Chem. Eng. 16, 567 (1916). 

* Easterbrooks, Mot. Chem. Eng. 6. 247 (1908). For original tank house 
see Min. Ind. 9, 269 (1901). 

* Addicks, Min. Ind. 22, 242 (1913). 

‘ Electroch. Met. Ind. 6, 247 (1908). 
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about 3 feet square, and the whole num})er contained in a tank is 
about 30. They are spaced 4 to 4^ indies between centers, so that 
surfaces of anodes and cathodes are about inch apart. With 
an average current density of 2.16 amp./sq. dm. (20amp./sq. ft.) 



Fia. 6.3. — Coppku-Hefininu 'I'anks 


the current in the circuit is 10,800 amperes. They remain in the 
tanks about 28 days, when all but 13 jxireent has been dissolved. 
The undissolved part is removed, washed free from slime, and 
remelted and cast into fresh anodes. 

The cathodes are thin sheets of electrolytic copper called starting 
sheetSy made by depositing copper on a copper “ blank ” whose 
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surface has been painted with a thin layer of grease and graphite 
so that the deposited copper can Ix' stri})ped olT wiien ai)()Ut 1 nun. 
(0.04 in.) thick. There is one more cathode than then' are anodes 
in a tank. They tend to warp after two days’ electrolysis and must 
be removed and straightened with wooden beaters, I'he cathodes 
remain in the tank from 7 to 14 days, and weigh from 180 to 
230 lb. when drawn. 

Figure 64 shows the method of handling electrodes in the mul- 
tiple system. After washing free from electrolyte, the cathodes 



fiwit'iu Anafmda Copper Minins Company 


Fio. 04. — Lifting C'athodeh oct ok Tankm. Hauitan ( oppeh Works 

have to be melted. During melting cop|V'r absorbs gases and has 
to be refined, first oxidizing by blowing in air and then poling to 
reduce the content of oxide. When th(‘ cuprous oxide content is 
reduced to between 0.3 and 0.0 percent, the (;opi)er has reached 
the “ tough-pitch ” stage and is ready for casting. The shapes in 
which copper is cast are shown in Figure fio.* Ingots are about 
10 in. long and weigh from 16 to 22 lb. '\ hey are for rcmelting 
for copper castings or for manufacturing alloys. Ingot bars arc 
often used in place of ingots as they are more easily handled in 
‘ Copper, Anaconda Copper Mining (>)mpany (1920). 
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large quantities. The notches are for the purpose of breaking up 
easily. Ingot bars are about 32 in. long and weigh 70 to 80 lb. 
Wire bars are the most popular form of refined copper bars and 
are used for drawing copper wire. They vary from 38 to 100 in. 
in length and weigh from 135 to 770 lb. The usual size is 54 in. 
long, weighing 200 lb. Slabs and square cakes are used for rolling, 
round cakes are used for manufacturing large seamless products, 



Fio. (>5. — Shapes of Refined Coppeh 


such as hot-water heaters, and billets are used for making seamless 
copper tubing. 

The current density * is of fundamental importance for the 
design and operation of a copix'r-refining plant, as upon it depend 
the cost of the purified copper, first cost of the plant, and the 
purity of the copper. 

» Addicks, Met. Chein. Eng. 16, 311 (1917). 
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At a given temperature, the current density is linuted by the 
rate of circulation. If the current density is too high, it produces 
stratification of the electrolyte with its consequent irregular 
deposition on the cathode. The rate of circulation is limited to 
a degree that does not stir up the slime excessively. However, at 
a given rate of circulation, the higher the temjx'rature, the greater 
the current density can be made, and consequently the lower the 
initial cost of the plant. The electric power reejuired per kilogram 
of copper, assuming the temperature is ke])t constant, would be 
about 115-watt hours at a current density of 0.54 amp./sq. dm. 
(5 amp./sq. ft., 52 watt-hours per pound), to 840 watt-hours at 4.3 



Fia. 00 . — CUHRENT Dknhity and (\)»t of Uefininu (’offer 


amperes per square decimeter (40amp./8{p ft., 381 watt-hours per 
pound). 

A high current density always caus(*s more impurities to Ixj 
deposited on the cathode, w'hich means a greater loss in silver and 
gold. About 2.16 amp./sq. dm. (from 15 to 20 amp./sq. ft.) is 
the current density used in most eastern refineries. 

The way the cost of refined copper <-hange8 with the current 
density for a hypothetical case is illustrated in Idgure (>(>.’ 

Less than the theoretical amount of copjK'r is obtained at the 
cathode because of (1) current leakag<’, (2) Ix'cause the current 
may produce other reactions than the (k'position of copper, and 
(3) copper may be redissolved after de]M>sition, If the tanks are 
carefully attended, the current efficiency ^ may lx; increased to 99 

' Addickp, Met. Chem. Eng. 16, 315 (1917). 

®Addi(“ks, Met. Cheni. Eng. 16, 23 (1917). 
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percent, but this is too expensive in labor. It is not economical 
to exceed an efficiency of 92 fX'rcent. 

The current leakage may Ix' to ground, through the electrolyte, 
or between the electrodes. The l(‘akage to ground may be deter- 
mined as shown in Figure 07. 



Fia. 07. — Mkthod of Measuuino Current Lf.akaoe to Ground 


By means of a high-resistance voltmeter read the o|x*n-circuit 
voltage of the macliine and then the voltage with the voltmeter as 
shown : 


R„ - resistance of voltmeter, 

Rx - resistance to earth from cells, 

V — reading of voltmeter in position shown, 

E = oiKUi circuit electromotive force of the dynamo, 
/ = current in voltmeter in position shown. 

Then 


E = //?„ + IRx 

.-.E.r + vl 

R.= (E- 


A usual value for Rx is 5 ohms. If E is 150 volts, the current lost 
is 30 amperes, a small quantity compared with the main current, 
which would be about 10,000 amperes. 
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The leakage through the electrolyte consists in the flow of cur- 
rent from the anodes through the electrolyte to some other point 
than the cathodes, as to the lead lining or into the lead pipes 
through which the solution circulates. The copper trees in the 
pipes show any abnormal leakage at this point, tind require re- 
moval to prevent stopping up the pip<\s. The leakage through the 
electrolyte may be determined by reading calibrated ammeters at 
various parts of the circuit. The readings should be identical, 
but for leakage to ground and through the ('lectrolyte. It is 
generally found that the tanks at the far end of a circuit receive 
3 to 4 percent IcvSS current than shown at tlie switch-board. In 
using instruments near conductors carrying large currents, they 
must be carefully protected from the magiu'tic fu‘ld surrounding 
the conductor. 

The lead lining of tanks becomes cov(‘re(l with a coating of lead 
sulfate which stops the leakage through the electrolyte to a large 
extent. This is shown by the fact that a ik'w installation fre- 
quently has a low efficiency, tiiough a far greater part of the initial 
low efficiency is due to the inex]X'rienc(‘d insjx'ction gang whose 
work is to keep the starting sheets and anode's properly se'parated 
and as nearly parallel as possible. 

Current leakage may also be due to short circuits between 
electrodes, caused by iniproj^e'r si)acing, \>y curling of starting 
sheets, by touching the lead lining, by omissions of electrode in- 
sulators, by treeing of the cathode deposit, by the accumulation 
of slimes, or by tools lying on th(‘ top of the electrodes. 1 recing 
is prevented by the use of addition agents, by tlu* choi(*(‘ of a suit- 
able cathode age for th(' current (k'nsity, and by circulation. 

The reactions other than the deposition of copp('r which the 
current may produce are the deposition of impurities, including 
hydrogen, and the cyclic oxidation and ri'duction of t h(‘ salt of any 
metal existing in two stab's of oxidjition, such as iron. None of 
these are of any importance in the case* of copj)er. 

The loss of copper by redissolving is appreciabk', amounting to 
about 2 p)ercent of the deposited copi)er. As half of this would 
come from the anode, this causes a loss of 1 percent in cathode 
current efficiency. The chemical dissolving of the ancxle is af- 
fected both V)y its composition and by its tn'sitment in the anode 
furnace. A relatively impure anod(* ('(Uitaining only 98 percent 
coppt'r may have as low as 0.5 jx'rcent chemical dissolving facb)r. 

The loss by nodules falling into the slimes is only a small fraction 
of a percent. 
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The slots do not reach to the bottom of the frame but a space 
of 7.5 cm. (3 in.) is left for the circulation of the electrolyte. 
The frames arc of such thickness that the surfiicos of adjacent 
electrodes are 2,2 cm. (| in.) apart. The tanks eannot be lined 
with lead because a conducting lining would short-circuit the tank. 
The Baltimore tanks 
are molded from 
asbestos, asphalt, 
and sand, and have 
the dimensions 3.6 
m. long by 0.63 rn. 
wide by 0.66 m. 
deep (11 ft. 10 in. 
by 25 in. by 26 in.). 

Each tank holds 135 
electrodes. The 
tanks are arranged 
in parallel groups of 
66, through which 
a current of 5000 
amperes is passed, 
making 76 amperes 
p(ir tank. The current density is 2.26 amp./s(p dm. (21 amp./sq. 
ft.). About 220 volts are applied to each tank, which makes 
the drop between electrodes 0.16 volt. Ihe current efficiency 
is 65 to 67 percent. The loss is largely due to leakage of the 
current through the electrolyte below the electrodes. 

The corrosion of an electrode takes 17 days, when it is all dis- 
solved except a rim on the edge where it is [)rot(H’ted by the 
and a small patch which sometimes remains in the center. Ihe 
undissolved rims are ea.sily stripped otT. 

The electrolyte has about the same eomixisition as in the mul- 
tiple system. It circulates at the rate of 9.4 liters a minute 
(2.5 gallons) and is siphoned from the bottom of the vat at dis- 
charge. The temperature is 40° to 43° C. It would be desirable 
to use a higher temperature, but the material of which the tanks 

are made would soften. , . a i 

After the impure copper has dissolved, the tank is disconnected 
and the electrolyte siphoned off. The, electrodes are washed with 
a hose and the undissolved strips of impure eopiier are removed, and 
the copper is melted in a reverlxTatory furnace. I he anode mud 
and the foul electrolyte are treated the same way m l)oth systems. 



Pjq (jg, — Sehieb System, Baltimoub Copper 

SMELTINO ANU UoLUNO (’oMi'ANY 
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The Nichols Copper Company’s tanks arc much larger 
than those of the American Smelting and Refining Com- 
pany and the anodes are not held in wooden frames. The 
tanks, made of wood with a lining of asphalt or pitch, arc 16 
ft. long, T) ft. deep, and 5.5 ft. wide. The anodes are 0.25 to 
0.38 in. thick, 4^ ft. long, 10 in. wide, and weigh 65 lb. each. 
Six anodes are hung in a row across a tank, with 100 rows in a 
tank.^ 

Compamon of the Multiple ami Series Systejns. The ad- 
vantages claimed for the multiple system are: (1) treatment 
of relatively impure anode copper. Metal with more than one 
percent of arsenic, antimony, and bismuth, and with 200 ounces 
of silver per ton can be refined without collecting a prohibi- 
tive amount of silvea* in the cathodes, while the series system 
will not handl<‘ over 70 to 80 ounces of silver per ton without 
excessive loss in the cathod(‘s. This is due to the tendency of 
the slime to settle on the cathode copper, the distance between 
the electrode's bc'ing small, and to the fact that some of the an- 
ode is left attach('d to the cathode in a form that Cannot be 
stripped off.^ The loss of precious metals in the cathode in the 
multipk' syste'in is one half that in the series system. (2) Me- 
chanical handling of electrcKles. In the multiple system a whole 
set of anode's or cathodes belonging to a tank are handled by 
an electrically drive'll crane, while in the series system, the 
manipulation eif elect reieU's is by hand. (3) Better circulation, 
due to greater elistsince be'tween electrodes allowing a more 
impure e'lee'treilyte te) be used. (4) In the multiple system the 
slimes can Ik' cle'ane'el from the tanks when the first crop of 
cathodes is pulled, which means that 35 jx'rci'iit of the precious 
metal slime is started through the subseipient part of the process 
from 12 to 13 days from the time it is charged into the refining 
tanks. 

The advantages claimed for the scries system are : (1) Small 
power required jier unit of deposited copix'r. The voltage lie tween 
electrodes is about half that in the case of the multiple system, but 
the current efficiency is only about 70 percent as against 90 percent 
in the multiple system, so that the |'K)wer required for the deposi- 
tion of a given amount of copper in the series system is only 64 
percent of that required in the multiple system. This is offset, 
however, by the increased cost of rolling the copix'r electrodes 

’ Ulko, Modern Electroli/tic Copper Refining, p. 99 (190.3). 

Ind. 17, .327 (19()S); KlectrocluMn Met. Ind. 6, 223 (1908). 
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which is done at the Baltimore works, the rollinp; mill taking about 
one third the power of the plant. At the Nichols plant the elec- 
trodes are hammered straight by hand. (2) The small amount of 
copper tied up in the plant, due to the small numlH'r of bus-bars 
required, and the more frecjuent cleaning u]) and the smaller vol- 
ume of solution. Due to these causes the iiit(‘rcst on the metals 
locked up is one half of that in the multiple system. (.'!) The 
smaller amount of scrap produced. At Baltimore' in the series 
sysb'in this is 8 to 6 percent of the weight of tlu' electrode ; in the 
multiple system, 10 to 18 percent. But at the' Nichols works the 
scrap is said to amount to 25 i)ercent to 80 |X'rc<'nt,’ probably 
because the anodes are not all cast to a uniform weaght and thick- 
ness. (4) Formerly the amount of space' re'eiuired was only one 
quarter of that require'd in the^ multiple plant of the same output. 
This effected a great saving in the building as well as in the 
heat lost by evaporation from the tanks. This no longer applies, 
however, on account of the ineTeased size' eef the' e'le'ctre)eles in 
the multiple system. The space re'quire'el in the multiple syste*m 
has been thus reduced io 884) sejuare' fe'e't i)e'r teen eef ce)p|K‘r ju’e)- 
duccel per day, which is less than that re'quireel for the serie's 
system. 

These different advantages counterbalance each othe*r to sueih 
an extent that the ce)st of refining is ja’ae-tically the same' in both 
systems, while the multiple syste-m has the ael vantage e)f being 
able to treat all classes of copiK'r bullie)n, anel reejuire's le'ss care in 
tank-room operation. 

The cost of refining copper deix'iids on the' cost, of pe)wer anel on 
the current density useel. If the' meest e'eamemiical current density 
is used, the total ojx'rating cost is Ix'twe'em S5 anel $K a te)n, de- 
ixnding on the cost of power. If ste'am jxewcr is used, one ton 
of coal is required pe'r ton e)f copjX'r.^ 

Electrolytic Silver Refining, — The silveT containing small 
amounts of gold, known as dore' bullieen, which is the; pre)eluct frorn 
smelting the slimes preeeluceel in copix'r re*fining, can be ‘ jiarU'el 
either by boiling with stremg sulfuric aciel, which dissolves silver 
and leaves gold Ix'hind, or by the etectreilytic method. The 
sulfuric acid methe)d is meae econeimie’al feir small plants, while 
the electrolytic is better for large |)lants.‘ The* two principal 

' Hike, Modem Electrolytic Copjxr p. 11)0 (1903). 

* Adciicks, Copjxr Hefminy, p. 00 ei021). 

® Hof man, McUdlurgy of Copinr, p. .Ti.'i (1011). 

* Addicks, CopjKT Refininy, ]> 102 (1921). 
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electrolytic methods of refining dord bullion are the Moebius and 
the Balbach-Thum processes.^ 

The Moebius cell, shown in Figures 60 and 70, was first used in 
Kansas in 1884, It is usually of acid-proof earthenware, 61 by 

66 by 56 cm. deep. Each 
cell has four sets of four 
anodes 35.5 by 14 by 1 
cm. thick, and five rolled 
cathode sheets 0.8 mm. 
thick, having a total 
cathode surface of 168 
square decimeters. The 
anodes are contained in 
canvas bags to catch the 
anode mud and prevent 
its mixing with the de- 
posited silver. Between 
each set of anodes and 
cathodes arc two wooden 
stirrers which move back 
and forth, stirring the electrolyte and knocking off the loose 
crystals from the cathodes. 

The crystals collect on a 
tray in the bottom of the 
cell and are removed once 
or twice a day. The gold 
slime is removed from the 
bags every two or three 
days and is washed and 
treated with 1.84 specific 
gravity sulfuric acid in 
iron boiling kettles to re- 
move silver and copper. 

The gold slime is then 
washed, dried, and cast 
into anodes for refining by 
the Wohlwill process. 

The electrolyte is a neu- 
tral or very slightly acid 
nitrate solution contain- 

* Kern, Met. Chem. Ehr. 9, 443 (1911) ; Griswold, Tr. Am. Electroch. Soc. 
36 , 251 (1919). 



Fki. 70. — Moebius Silver-Refininq Cell, 
Showing Cathode and Scraper 



Fio. 09. — Moebius Silver-Refininq Cell, 
Showing Anodes 
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ing 15 to 20 grams of silver per liter and 30 to 40 grams of cop- 
per. Its resistance is 8.4 ohms per centimeter cube. The polar- 
ization is 0.15 volt.^ A concentration of 20 to 30 grams of 
silver per liter is bet- 
ter than the more 
dilute solution given 
above. Enough elec- 
trolyte is withdrawn 
daily to keep the solu- 
tion up to the desired 
purity. Waste eloe- 
trolyte is treated with 

copper on which silver precipitates and copjjcr is c('mented on 
iron after which the solution is thrown away. 

A later form of Moebius cell with a travading Ix'lt, jjs shown in 
Figure 71, is now in use at Monterey, Mexico. The tanks are 
14 ft. 3 in. long, 16 in. wide, and 7 in. deep. An endless sheet of 

silver, C, in- thick, moves 
under the anodes G and carries 
the .silver to one end of the tank, 
where it is carried out by the 
belt D and is scrajx'd off by S. 
Electrical contact is made by 
F. The anodes are separated 
from th(' cathodes by a filter 
cloth as in th(‘ older process. 

The Balbach-Thum cell, 
shown in Figun' 72, is a shal- 
low tank 122 by 66 liy 25 cm. 
d(‘ep made of chemical-proof 
earthenware. The cathode 
consists of strips of Acheson 
graphite 2 centimeters thick, 
covering the bottom t)f the cell 
completely and has an area of 
74 square decimek*rs. The 
National Carbon Company’s 
hard carbon is said to l)e better 
than graphite for this purpose. 
The anodes of dor^ bullion, 20 by 30 cimtimeters in area, are placed 
horizontally in a wooden or earthenware tray with a muslin bottom, 

‘ Easterbrooks, Tr. Am. EIcctroch. Soc. 8, 132 (1905). 



lU. 

' Fia. 72, — Balbach-Thum Silver- 
Refinino Cell 
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61 centimeters wide by 61 to 92 centimeters lon^, 10 centimeters 
from the cathode. Electrical contact is made with the anodes 
by a silver plate with a vertical lug. Silver is deposited in loose 
crystals on the graphite and is removed with an aluminum hoc. 
The electrolyte and the method of treating the slime is the same 
as with the Moebius cell. 

The following is a comparison of the two cells. 
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The advantages of Moebius cells over the Balba(‘h-Tlium cells 
are: (1) loss energy required per \init of product, (2) require one 
sixth the space for a given daily capacity, (3) less nitric acid Con- 
sumed by reduction to ammonia. The advantages of Balbach- 
Thum cells over Moebius c(‘lls are: (1) l(‘ss care necessary to 
prevent gold loss, (2) always op(‘n to insiH'ction, (3) no anode scrap, 
(4) less repair cost, and (5) h'ss time lost in removing silver and 
sludge, (6) less labor. The cost of refining by the Moebius 
process is 8 to 16 cents per kilogram. 

A third method, called the Whitehead process, used in some of 
the government plants, uses gelatin to make the silver come down 
in a coherent form. It is stripix^d from silver cathod('S.^ 

As compared with the sulfuric acid method, the electrolytic 
gives a purer product, the danger of metal loss is less, in a large 
plant the operating costs arc lower, and little by-product liquors 
are made. The fii*st cost, how’cver, is greater and the metal tie-up 
is 50 percent more.^ 

The separation of silver and copper in alloys consisting of ap- 
proximately equal parts of silver and copper, such as silversmiths’ 
waste, requires a different procedure, such as the Dietzel process,* 

^ Addicks, Copper Rcfininq, p. 116 (1921). 

® Addicks, Copjxr Refining, pp. 114 and 192 (1921), and Kern, l.c. 

» Z. f. Elektroch. 6, 81 (1899-1900). 
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used at the Gold- iind Silber-Scheide Anstalt at Pforzheim. This 
depends on dissolving both copjx^r and silver in a \v('akly acid 
solution of copper nitrate iit the anode and carrying this solution 
immediately into another vessel where the silver is i)reeipitatcd by 
contact with copper. After the silver has been thus completely 
removed, the copper nitrate solution is nuuie slightly acid and 
enters the electrolyzing vat, w4iere a certain amount of the copper 
is ileposited as it passes the cathode. Th(‘ arrangcMiumt is shown 
in Figure 73, which repre- 
sents a cross section of the 
dissolving vessel. KK arc 
the rotary cylindrical copper 
cathodes, coated with a thin 
layer of grease or graphite, on 
winch the deposition of cop- 
per takes place. When th(‘ 
copper grows out in the form 
of trees, it is knocked off. 

The copper cylinders arc 
suspended on flanged contact 
rollers, which, when set in 
motion, cause the cylinders 
to rotate. Thus the* shafts 
and driving mechanism are out of contact with the solut ion. I m 
a loose bottom for supiiorting the material to l)(‘ treated, »S, and is 
of hard nibter, celluloid, or ftlass. The plated I are provided 
with platinum wires for conductiiiK the current to.V WW areliitcr 
cloths, the object of which is to catch any copper falling from the 
cathodes and to prevent any of the anodic silver solution from 
rising to the cathode. The desilveriad electrolyte is admitted 
from above, as shown. A small amount of silver 0 03 percent 
- i.s deposited at the cathode with the cop|H r. 1 he 
tains from 2 to 5 p.-rcent of oop|x'r and II.Ou to 0.4 I"'"''"* 
nitric acid. The current density is I.u am,xuys .x-r k., a dec.mc- 
ter (14 amperes per square foot) and the voltagi is o i 

'""Electrolytic Gold Refining. - The 

was first a^omphshed by Wohlwill > at the ^orddcutsche Affincru, 
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‘ Z. f. Elektrorh. 4 , 379, 402, 421 
Tuttle, Electroeh. Inti 1, l''’>7 (190.1); 
201 (1904) ; Whitehead, Electroehcin. 
Cheni. Met. Eng. 9 , 143 (1911). 


(1S9.S); r. 8. Pat. 02.5,803 ; 62.'),804; 
\\ohl\vill, Electroeh. Ind. 2 , 221, and 
Met. Ind 6, 355 and 408 (1908) ; Kern, 
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in Hamburg. The process consists in electrolyzing gold anodes in 
a hot acid solution of gold chloride. A cyanide solution would not 
do, l)ecause silver and copper would be deposited with the gold. 
Wohlwill found that gold anodes do not dissolve when electrolyzed 
in a solution of gold chloride, AuC’ls, or of chloroauric acid, HAuCL, 
but that in both cases chlorine is set free. In the solution of 
chloroauric acid the chlorine may be mixed with oxygen when the 
current density is low or the solution dilute. In order to have the 
gold dissolve, there must be some free chloride present, either 
hydrochloric acid, which is commonly used, or some alkali chloride. 
At a definite temperature there is a definite amount of free acid for 
every current density that will prevent the evolution of chlorine. 
The amount (jf free acid recpiircid decreases with increasing tem- 
perature. With a solution containing 3 percent of hydrochloric 
acid and 30 grams of gold |)er liter, at 70° C., for anodes contain- 
ing less than 6 ixu’cent silver and lead (040 fine) the current 
density can be 15 amp./sq. dm. and more; with 10 percent silver 
9 amp./sq. dm. is .satisfactory. In case chlorine appears at the 
anode, its evolution can l)c stopped by adding hydrochloric acid, 
or by raising the t(‘mperaturc. 

The gold is formed on the cathode in large crystalline deposits 
which adhere in such a way that they can Ix^ easily removed me- 
chanically. The more gold in solution, the more compact the 
deposit, while an increase in the current density has the opposite 
effect. 

The anodic behavior of gold in a solution of AuCls is shown in 



Figure 74.* At 1.2 
volts the current in- 
creases but falls rap- 
idly after reaching 
1.38 volts and at 1.73 
volts gas evolution 
begins, and there is 
no solution of gold. 
In the presence of 
hydrochloric acid, 
there is no funda- 
mental difference ; 


passivity only occurs at a higher current density. On lowering 
the electrode potential there is a hysteresis shown by the dotted 
line. 


‘ Coehn and Jacobson, Z. anorg. Ch. 56 , 330 (1907). 
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Gold, like copper, dissolves both in the univalent and trivalont 
states. The electrode potential of Au/Au^’^'^ is more negative 
than that of Au/ Au+ for equal ion concentrations, so the principal 
part of the gold dissolves in the trivalcnt state. Univalent gold 
does not change as rapidly to trivalcnt with the deposition of gold 
as the corresponding reaction for copper, so that considerable uni- 
valent gold reaches the cathode, which of course increases the 
quantity deposited per faraday by the amount in which the uni- 
valent gold is in excess of the equilibrium concentration. 

The higher the current density at th(‘ anode, the more positive 
the electrode potential, and the more gold should go into solution 
as univalent ions. This apparently does not agree with the result 
of Wohlwill, shown below, that the higher the current density the 
closer the agreement betweem tlu' anode loss and th(‘ cathode gain.‘ 


CtiRRKNT Density 
Amp./Sq Dm 

CATHODE CUiv FOR One 
AmpI'Rk-Hoi k 

Anode Loss for One 
Ampeuj.-Uoi k 

16. 

2.48 

2.67 

7.4 

2M 

2.80 

6.0 

2.8 

3.2 


Foerster’s explanation is that these results show only that at high 
current density less univalent gold gets away from the anode. 
Since the further an unstable state is nanoved from equilibrium the 
more rapidly equilibrium is reached, it follows that the more 
univalent ions are produced the more comph'tc’ly the reaction 
3 Au"^ = AiU+"*' -f 2 Au takes place at tlu* anod(‘. The gold thus 
separated settles in the anode and is again sul>j(‘ct to electrolytic 
solution. 

The tanks used in gold refining are of porcelain ; at the Phila- 
delphia mint they are 38 cm. by 28 cm. by 21 cm. deep; at the 
San Francisco mint, 46 cm. by 33 cm. by 30 cm. deej). 

If there is lead in the anodes, the (‘lectrolyte contains 1 to 2 
percent sulfuric acid in addition to thi' gold chloride and free 
hydrochloric acid, to precipitate the l(‘ad. Gold chloride solution 
has to be added every day to make up for th(* excess of gold 
deposited over that dissolved at the ano(l(*. The tanks are heated 
by placing on sand beds heated by steam pip('8. Circulation is 
either by gravity through about 12 tanks in cascade, or by a 

> Z. Elektroch. 4 , 408 (1898). The result are calculated from Wohlwill's 
data in Foerster’s Elektrocherme woBseriger Losungen, p. 633 (1921). 
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propeller in each tank. The cascade system gives more uniform 
circulation. 

The catho(l(‘S are fine sheet gold about 0.3 mm. thick. The 
anodes have to he of such a thickness that they are used up in 
24 hours, in order to cut down the interest on the gold tied up. 
Anodes 940 fine (94 percent pure) are 15 cm. long, 7.5 cm. wide 
by 1 cm. thick. The anodes and cathodes are placed with their 
centers 1.9 cm. apart. 

With a current density of 8.5 to 13 amp./sq. dm. the voltage 
per tank is 1 to 1.3 volts. The yield is about 80 kilograms per 
kilowatt-day of gold 999.8 fine. 

Anodes are usiudly betwetm 880 Jind 900 fine. The anode mud 
may consist of gold, silver chloride, lead sulfate, iridium, and 
osmium. Silver is recovered by fusion with sodium carbonate 
according to the reaction : 

2 AgCl + NaoCO., = 2 Ag + 2 Na( 4 + Cih + 0. 

Iridium and osmium are separated from silver by acid parting. 
Copper, platinum, and palladium go in solution at the anode. 
Palladium does not deposit at th(‘ cathode unless its concentration 
is more than 5 percent. Platinum and palladium are precii)itated 
with ammonium chloride, ignited to change to the metallic stiltc, 
and palladium is dissolved with nitiic acid. 

Pulsating Current. - If silver in the anode ('xceeds six percent, 
it has to In' naiioved mechanically, but WohbNill found that if a 
pulsating current is used, the current density can be increased 
considerably without the necessity of cleaning off silver chloride.^ 

There is some benefit even if the maximum value of Uk' alti'r- 
nating voltage is h'ss than the value of the direct, but it is better to 
have the alternating voltage so large that tlau'e is a reversal of the 
current. The alternating- and the direct-current genm-ators are 
connected in series and designed so as to carry the current resulting 
from both. The larger the ratio of the alternating to the direct vol- 
tage the greater the quantity of im])urity allowable in the anode. In 
the old method, with 10 percent silver in the gold, 7.5 amp./sq. dm. 
is the limiting workable current density and silver chloride has 
to be scraix'd from the anodes every 45 niimites. With the alter- 
nating current l.l times the direct, 12.5 amp./.sq. dm. can be 
used without scraping, while if this ratio is 1.7, anodes with 20 
percent silver can l)e refined with 12 amp./sq. dm. Other ad- 
vantages of the pulsating current are : (1) it prevents the libera- 

‘ Z. Elektroch. 16, 25 (1910) ; Met. Chem. Eng. 8, 82 (1910). 
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tion of chlorine ; (2) it allows higher current densities ; (3) there 
is less gold in the anode inud ; and (4) a low temperature, 25® to 
35® C., can be used, giving dense deposits. A direct-current volt- 
meter shows a lower reading across a cell with a pulsating current 
than with an equivalent direct current. The amount of gold 
dissolved and deposited is, of course, not affected by the alternating 
current. 

Electrolytic Iron Refining. — Until within the last ton years 
electrolytic iron was used technically only for facing dies and 
electrotypes. Recently a number of processes have been put into 
operation for refining iron. 

Iron is more electronegative than hydrogen, and there is con- 
siderable resistance to its deposition, that is, the value of is 
high. It can therefore be deposited only from solutions which 
have low hydrogen-ion concentrations. 

In 1808 Varrentrapp ^ produced deposits 2 mm. thick by electro- 
lyzing a solution of ferrous sulfate and ammonium chloride for 
14 days, and many since have succeeded in depositing thick layers 
of iron.“ 

Burgess and Harnbuechen ^ refined iron for many months 
using a solution containing 40 g. of iron per liter as iron sulfate 
and 40 g, of ammonium chloride, at a cathode current density 
of O.fiO to 1.1 amp./s(|. dm. and a potential difference of 1 volt. 
The temperature was 30° The curnait efficiency was nearly 
100 percent and tlie purity of the deposit 00.97 percent. 

One of the best solutions is that of F. Fischer,* consisting of 
450 g. ferrous chloride, 500 g. calcium chloride, and 750 g. water, 
electrolyzed at 00° to 110° (k This has been put into operation 
by the Langbein-Pfanl)au.scr works in Leipzig.^ 

The Societd Le Fer electrolytic process for making boiler tubes 
has been in operation for the past six years at Grenoble in 
successful competition with other methods.® The electrolyte 
is ferrous chloride. The anodes are cast scrap iron, and the 
cathodes are rotating cylinders. The cathode current density is 

‘Ding. Polytech. J. 187 , 152 (1868); IlughcH, Tr. Ain. Electroch. Soc. 
40 , 201 (1921). 

* For account of these, see Hughes, l.c. 

»Tr. Am. Electroch. Soc. 6, 201 (1904); 19, 181 (1911). 

< Hughes, l.c., p. 200 ; Germ. Pat. 212,994 (1908); 228,893 (1909); 
230,876 (1910). 

‘ Z. Elektroch. 15 , 595 (1909). 

® Escard, Le Genie Civil, 75 , 165, 199, and 225 (1919) ; Stoughton, Tr. Am. 
Electroch. Soc. 40 , 225 (1921). 
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10 amp./sq. dm. Hydrogen bubbles are said to be prevented as 
far as possible by the addition of depolarizers to the electrolyte. 
The occluded hydrogen is driven off by annealing in an oil bath 
at 300° C., after which the tubes are as malleable as pure copper. 
The finished tubes have the following analysis : 

Percent 


Iron 99.967 

Carbon 0.008 

Manganese 0.009 

Hilieon 0.014 

Sulfur Traces 

Phosphorus 0.002 


Since 1916 the Western Electric Company has had a plant 
in operation at Hawthorne, Illinois, refining 25,000 pounds of iron 
a week.^ 

The solution is ferrous sulfate, ferrous chloride, and ammonium 
chloride. 

The anodes are mild steel ; the cathodes, polished steel, from 
which the deposit is stripped when 0.3 to 0.6 cm. thick, (i to { in.). 
The current density is 1.3 amp./sq. ft. The cathode iron is vc^ry 
brittle and is ground to powder, the particles are insulated, and 
the powder is then pressed into solid rings, which are used as cores 
of the induction coils in electrical transmission circuits. Several 
hundred tons of electrolytic iron arc used annually for this purpose. 

The following data, with design of an iron-refining plant, are 
given by McMahon wooden tanks, without a lining, 10 ft. long, 
3 ft. wide, 4 ft. deep ; circulation, 3 gal. /min. with continual filter- 
ing. The iron is stripped, when i in. thick, from cold-rolled steel 
cathodes, which are 3^ ft. long, 2^ ft. wide, and in. thick, riveted 
to copper bars. They are stripped every 12 to 13 days. Each 


Impurity 

Percent in 
Anodes 

Percent in 
Cathodes 

Percent Removed, 
on Reeinino 
Efkiciency 

Carbon 

0.60 

0.014 

97.7 

Phosphorus 

0.05 

0.013 

74.0 

Silicon 

0.23 

0.028 

87.8 

Manganese 

0,30 to 0.50 

0.029 

90 to 94 

Sulfur 

0.10 

0.003 

97 


‘Speed and Elnien, J. Ain. Inst. E. E. 40 , 596 (1921); Elmen, Tr. Am. 
Electroch. Soc. 40 , 228 (1921). 

’ Chein. Met. Eng. 26, 639 (1922). 
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tank has 16 anodes and 15 cathodes. The solution contains 60 g. 
of iron, 25 g. of chlorine, and 25 g. of ammonia per liter with a 
small amount of glue, and is electrolyzed at 45° C. The anodes 
are 2 in. thick and should be as pure as possible. The usual 
analysis of anodes and corresponding cathodes is as given in the 
table on th(‘ preceding page. 

The yield is about 1.5 Ib./kw.-hr. or 16.3 kg./kw.-day. 

Electrolytic Zinc Refining. — It was shown above that in ex- 
tracting zinc, the solution has to be carefully purified in order to 
get a satisfactory zinc deposit. In zinc refining therefore the 
impurities in the anode must either not be allowed to go into the 
solution to any appreciable extent, or the solution must be purified 
frequently. Preventing solution is accomplished by using a solu- 
tion in which some of the impurities arc insoluble, and in keeping 
others which would dissolve, but which arc more ek'ctropositive 
than zinc, in contact with the zinc anodes so that they will pre- 
cipitate as rapidly as they dissolve. 

Impure zinc occurs in three forms, all of which can be refined 
elcctrolytically. These are : (1) galvanizers’ hard dross, (2) zinc 
crust in the Parkes process from desilverizing lead, and (3) ordinary 
spelter. 

(1) Zinc for hot galvanizing is held in iron pots, and gradually 
becomes contaminated with iron. When the iron dissolved 
amounts to about 6 |wrcent, the zinc is removed and cast into 
ingots. This galvanizers’ dross also contains 1 to 3 percent of lead, 
and sometimes as much as 2 percent of tin. Its market price is 
about 70 percent of that of commercial zinc, which leaves about 
20 percent of the price of commercial zinc as a margin for refining 
and profit. This margin would Ijc about $18 to $25 a ton, so that 
to offer any inducements of profit the cost of refining should not 
be over $15 a ton.^ 

Richards experimented on the electrolytic refining of the residue 
obtained from this dross by allowing to stand for some time just 
above the melting point and skimming off 25 percent of its weight 
as salable zinc. One tenth of one percent of aluminum was added 
to prevent liquation and swelling in the molds on casting anodes 
from this skimmed product. The anodes, 2.5 to 4 cm. thick and 45 
cm. wide by 120 cm. long, were hung 4 cm. from the cathode plates, 
which consisted of rolled zinc 0.62 cm. thick. The cathodes were 
greased to prevent adhesion of the deposit and were painted on 
the edges with black asphaltum varnish to prevent deposition on 
* J. W. Richards, Tr. Am. Electroch. Soc. 25, 283 (1914). 
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them. The electrolyte contained 15 percent of zinc sulfate hepta- 
hydrate, 1.7 percent acetic acid, and 0.8 percent sodium acetate. 
The working temperature was 31° C., the voltage drop per tank 
1.25 volts, and the current density 1 amp./sq. dm. Good 
deposits were obtained for 3 to 4 days, and if the trees were re- 
moved, they could be run six days in all, and give clean plates. 
The current yield was 100 percent at first, but fell to 80 or 90 
pc'rcent when the plates became spongy. The loss in weight on 
melting was 20 to 25 ix^rcent of the deposit. This could be 
reduced by using ammonium chloride, but this added consider- 
ably to the exjxinse. The zinc was 99.95 percent pure. The 
ferrous sulfate was precipitated as ferric hydroxide by injecting 
air into the tanks through rubber hose. A current of the electro- 
lyte flowed out of each tank, and was filtered. The iron might 
also be precipitated by zinc oxide. It was found that though 
the process worked well, the margin of profit was too small to 
justify the building of a plant. 

(2) In 1880 Rossing ‘ published a process for refining zinc from 
the zinc scum of a lead refinery at Tarnowitz. At that time the 
scum contained too much lead, but later when the zinc content of 
the scum was increased, it was taken up again and used for a while 
and then discontinued.'^ 

The zinc scum had the following composition in ix^rcent : 

Silver 11.32 

Lead 3.13 

Copper 6.16 

Nickel 0.51 

Iron 0.24 

Zinc 78.64 

Antimony, arsenic, bismuth, traces. 

This was cast into anodes weighing 20 to 30 kilograms. The 
cathodes were starting sheets produced electrolytically on rolled 
zinc plates. Greasing the plates for stripping the sheets was not 
necessary. The electrolysis tanka were 75 cm. long, 60 cm. wide, 
and 70 cm. deep. The electrolyte was zinc sulfate at 15° to 20° C. 
The current density was 0.8 to 0.9 amp./sq. dm., at which the 
anodes lasted 4 to 6 days, and the cathodes were changed every 
3 to 4 days. The slime was removed every 8 to 14 days. Less 
frequent removals allowed too much to dissolve. The slime con- 
sisted of zinc, silver, lead, and copper. This was treated with 

‘ C.erm. Pat. 33, 589; Z. f. Berg.- und Huttenm. Ztg., 1886, p. 463. 

• Haase, Z. f. Berg-, Iluttenm.- und Salinen-Wceen, 46 , 322 (1897). 
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dilute sulfuric acid, leaving lead, copper, and silver for further 
separation. 

(3) The refining of spelter was tested out by the American 
Smelting and Refining Company during 1914-16. It was found 
more profitable than the distillation method, but not as profitable 
as to convert to zinc oxido.^ 

Zinc or “ spelter ” is classified in four grades 



PEnCENT 

Lead 

Percent 

Iron 

Percent 

Cadmium 

Percent 
Total, Max- 
imum 

1 

A. Iligh-grado 

0.07 

0.03 

0.05 

0.10 

B. Tntermediute 

0.20 

0.03 1 

0.05 

0.50 

C. Brass Spi'cial 

0.75 

0.04 

0.75 

1.20 

1). Prini(' W('8t(Tn .... 

1.50 

1 

0.08 1 

~ — 

— 


These grades of zinc have no precious metals, and usually the 
difference in value of grade A and grade D is 1^ to 2i a pound. 
During the war the demand for grade A for making cartridge-brass 
was so great that the prices of A and D were 12ff and 18jf a pound 
respectively. Also grade D zinc containing 1 percent of cadmium 
is easily obtainable, so that each pound of zinc contains cadmium 
worth with cadmium at $1.40 a pound Under these condi- 
tions, the Electrolytic Zinc Company near Baltimore refined grade 
D zinc to grade A.^ 

The anodes were 61 cm. wide by 76 cm. immersed, and 1.9 cm 
thick with lugs as in copper refining. They were placed in 
canvas bags tightly drawn by strings and wooden strips, to hold 
the anode mud in contact with the anodes. The cathodes were 
-jig^-inch aluminum sheets one inch larger all around than the 
anodes and with wooden strips around the edges. The electrolyte 
contained 4 to 10 percent zinc as sulfate and 1 to 5 g./l. of free 
sulfuric acid. Iron up to 1 g./l. did no harm to the deposit. Zinc 
and iron had to be removed continually, and sulfuric acid added. 

The tanks were wood lined with asphalt, 196 cm. long by 91 cm. 
wide and 117 cm. deep. The circulation was 11.4 liters per min- 
ute. The cathodes were stripped every four days, and the anodes 
lasted fourteen days. The slime was held by the bags in a layer 
10 mm. deep. It contained 50 to 60 percent zinc, 2 to 5 percent 

> Ralston, H ydromeinUurgy of Zinc, p. 149 (1921). 

* Am. Soc. for Testing Materials Proc. 11 , 147 (1911). 

•Ralston, Ic., p. 150; Bryan and Aldrich, U. S. Pat. 1,299,414 (1919). 
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iron, with cadmium and lead in varying proportions. The slime 
was dissolved in sulfuric or hydrochloric acid and the cadmium 
precipitated by zinc dust. The plant was dismantled when the 
large difference in price of the two grades of zmr disappeared. 

Electrolytic Nickel Refining. — Nickel was refined by the Bal- 
bach Company at Newark, N. J., from 1894 to 1900. The anodes, 
containing 94 to 97 percent nickel, were furnished by the Oxford 
Copper Company. The details of the process were kept secret. 
The product contained 0.25 percent iron and a small amount of 
cobalt.^ The process was given up probably because of the large 
amount of anode scrap and the exjiense of remelting to anodes. 
Also the voltage is relalively high, requiring a large amount 
of power, and it is doubtful whether the impurities in crude 
nickel are of sufficient value to make refining profitable. 

Electrolytic Lead Refining. — Lead is an ideal metal to refine 
electrolytically, on account of its high electrochemical equivalent 
and of its relatively electronegative position in the electrolytic 
series. Its greater tendency to go into solution than that of most 
of the metals occurring in it as impurities makes it possible to 
dissolve the lead, leaving the impurities behind in the metallic 
state. This avoids contaminating the electrolyte, which conse- 
quently docs not need frequent purification. The principal 
electrolytic difficulty to overcome was to obtain the lead in a 
coherent, compact form from a solution that would not be too 
expensive to use on a commercial scale. The chloride or sulfate, 
which arc usually the salts employed for metal refining, cannot be 
used in the case of lead on account of their insolulality. The 
problem has been solved by A. G. Betts, ^ who found that a solution 
of lead fluosilicate with a small quantity of gelatin fulfilled the 
requirements. The fluosilicate solution is not the only one from 
which a good deposit can be obtained; but it was selected on 
account of its low price as compared with other solutions giving 
equally good deposits.^ The object in refining lead is to recover 
the copper, antimony, and bismuth, as well as the gold and silver. 
Bismuth is said to be the mainstay of lead refining.^ 

The solution of lead fluosilicate (PbSiFe) is prepared by adding 
white lead or lead carbonate to fluosilicic acid. Fluosilicic acid 

^ Ulke, Electrochem. Ind. 1, 208 (1903). 

• See Lvad Refining by Electrolysis, by A. G. Betts. John Wiley and Sons 
(1908). 

• Betts, ibid., p. 17. 

• Addicks, Met. Chem. Eng. 17, 169 (1917). 
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ia prepared by allowing a solution of hydrofluoric acid, made from 
sulfuric acid and calcium fluoride, to trickle through a layer of 
pure sand or broken quartz. Heat is applied to start the reaction, 
which then furnishes sufficient heat itself to maintain the necessary 
temperature. No precipitate is formed on adding the lead to the 
acid unless an excess of lead is added, ^ and the solution obtained 
is colorless. The strength of the solution ordinarily employed 
in practice is from 6 to 7 grams of lead, and from 12 to 13 grams 
of SiF'e per 100 cubic centimeters.^ This means about 8 grams of 
free fluosilicic acid per 100 cubic centimeters of solution. The 
gelatin is added to the solution as a liot strong solution of glue. 
Enough is added to make its concentration 0.1 percent, and ^ 
to J of a pound is required per ton of lead deposited. The tem- 
perature of the electrolyte has been found to have no effect in the 
character of the lead deposit.^ In practice about 30° C. is main- 
tained by the current itself. 

The impurities in the anode may consist of iron, zinc, sulfur, 
copper, nickel, tin, antimony, arsenic, bismuth, cadmium, gold, 
selenium, and tellurium. Only the zinc, iron, nickel, and tin 
would go into solution, as the other metals arc all more positive 
than lead and would therefore remain in the anode slime. Zinc, 
iron, and nickel are more negative than lead and would therefore 
not be precipitated from the solution with lead, lin, however, 
is so near lead in the value of its electrode potential that it dissolves 
and precipitates with the same facility and can therefore not be 
separated from lead electrolytically. It must be removed by 
poling, before casting the anodes. When only 0.02 percent of 
tin is in the anode*, it is found in the cathode.'^ With this exception, 
the impurities arc easily prevented from reaching the cathode, 
even when present in the anode in large quantities. Pure lead can 
be obtained when the anode contains only 65 percent lead, the 
rest being impurities of l)ismuth, antimony, arsenic, silver, and 
copper.^ A low current density — 4 amp./sq. ft. was required 
with anodes of this composition. 

The slime nearly all adheres to the anode and is consequently 
easily removed from the bath. Its composition of course depends 
on that of the anodes. The following is a sample analysis from 

1 Betts, I.C., p. 30. See also Scan, Z. f. Elektroch. 11, 230 (1905). 

* Betts, I.C., p. 255. 

* Senn, l.c. 

* Betts, Ic., p. 46. 

‘ Betts, l.c., p. 56. 
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Trail, in percent; Cu, 9.50; Ag, 17.10; Sh, 25.91; As, 5.96; 
Pb, 14.50; ounces of gold per ton, 34.50. The anode scrap is 
about 20 percent of the original anode. The method of worldng 
up slime employed at Trail, British Columbia, by the Consolidated 
Mining and Smelting Company of Canada, consists in treating 
with sodium sulfide, which extracts 80 per cent of the antimony 
and some arsenic. The antimony is then deposited electrolytically 
on steel cathodes using lead anodes at a current efficiency of about 
45 percent. The sodium sulfide is changed to thiosulfate. Bis- 
muth is also recovered by depositing electrolytically in a granular 
form. 

The cathodes used in lead refining are thin sheets of pure lead. 
The current density allowable depends on the purity of the anodes. 
As stated above, anodes containing only 65 percemt lead can be 
refined if the current density is as low as 4 arnp./sq. ft. In 
practice the anodes are about 98 j)ercent inire,' and the current 
density is from 12 to 10 amp./sq. ft. (1.3 to 1.7 amp./sq. dm.). 
The current (‘fficiency is from 88 to 95 percent. The analysis of 
refined lead from Trail shows a purity of about 99.995 pcTcent. 
The average voltage per tank is from 0.30 to 0.38 volt and the 
polarization amounts to 0.02 volt. The tanks, made of southern 
yellow pine, are arranged in the multiple system. The ('lectrolyte 
is caused to circulate by having the (liffenmcc in the level of two 
successive tanks from 2J- to 3 inches. Five gallons per minute is 
a fair amount of circulation for a 4000-amp(‘re tank. 

Lead is refined electrolytically at Trail, British Columbia, New- 
castkvupon-Tyne, England, by the United States Metals Refining 
Company at Grasselli, Indiana, and by the American Smelting 
and Refining Company at Omaha. The plant at Trail has been 
operated since 1902, with a capacity of 80 tons a day. A de- 
tailed description of the plants at Trail and Grasselli will be found 
in Betts’s treatise, referred to alx)vc. 

Electrolytic Tin Refining. — In sodium hydrate tin dissolves 
anodically more easily in the stannous state to form stannite, than 
to form stannate : 

Sn4-2F = Sn++, (1) 

Sn++ 4- 3 OH- = HSn02- + H^O. (2) 

But the electrode potentials of the reaciions (1) and 

SiU+ + 2 F = Sn++++, (3) 

n^or the following statements, see Betts, f c., p. 2S7, Table 110; p. 255, 
Table 91 ; p. 287, 'Fable 108; and p. 189, Table 78. 
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for equal concentrations of stannate and stannitc are very nearly 
equal, so that the little increase in the electrode potential due 
to a film produced by the anode slime is sufficient to oxidize the 
stannous to the stannic state according to (3) with the formation 
of stannate : 

Sn++++ + 6 OH- = SnOs— + 3 H 2 O. (4) 

Scraping the anode causes it to become active again for a short 
while. ^ 

In electrolyzing at the cathode a solution of stannite and stan- 
natc, stannate is not first reduced to stannite as would be expected 
from the relative positions of the electrode potentials : 

Sn/Sn++ = - 0.136 

and 

Sn+VSn-^+++ - + 0.131, 

but all stannite is decomposed with the deposition of stannous 
tin and then tin is deposited from the stannate without the 
formation of appreciable amounts of stannite.* This is because 
of the considerable chemical polarization of the reaction ; ® 

Sn++++ - 2 F = Sn++. (5) 

Tin therefore behaves as a quadrivalent metal in refining in 
an alkaline solution. 

The only other possible cathode reaction is the deposition of 
hydrogen. This is loss the higher the concentration of tin and 
the greater the alkalinity. 

Detinning scrap tin plate and old tin cans may be considered a 
refining operation in which tin is removed from the underlying 
impurity of iron. An electrolytic process for this purpose was 
developed by Goldschmidt,-* and for ten or fifteen years was the 
principal method of recovering tin from tin scrap. Goldschmidt 
abandoned the process in 1907 ^ for the chlorine detinning method, 

» Foerster and Doldi, Z. Rlektroch. 16, 599 (1910). 

» Naef, Dissertation, in Foerster, Eleklrochemie uxianenger Losungen, p. 542 
(1922). 

3 Foerster and Yamasaki, Z. Rlektroch. 17, 361 (1911). 

^Mcnnicke, Z. Rlektroch 8, 315, 357, 381 (1902); Cloldschmidt, Z. angew. 
Ch. 22 , 1 (1909). For an account of the different solutions jiroiiosed for this 
process, as well as for tin plating and refining, see Kern, Tr. Am. Electroch. 
Soc. 23 ’, 193 (1913). 

‘Met. Chem. Eng. 17, 187 (1917). 
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though this process was reported in operation in three factories 
in Italy in 1912.’ 

Tin scrap contains from 2 to 3.5 percent tin. This is placed 
in iron-wire baskets, reenforced by heavy angle irons, and electro- 
lyzed as anode in a sodium hydrate solution containing about 
10 percent sodium hydrate with 2 percent tin as stannate. The 
temperature is 70° C. on account of the lower resistance at high 
temperature. The iron electrolytic tanks also act as cathodes. 
Each tank contains three baskets, taking up about f of the volume 
of the tank. In a tank containing 3 cubic meters, each basket 
holds 50 kg. of scrap. Extra sheet-iron cathodes are suspended 
between the baskets. In order to expose all the surface of the 
scrap to the action of the current, it has to be turned over by hand 
with iron forks. Under normal working conditions the time re- 
quired for dissolving the tin from the anode is 5 to 7 hours, at 1.5 
volts between anode and cathode. The electrolyte circulates 
from the electrolytic cells to heating vats, and back through the 
cells, which are all in the same level and not in cascade. The 
scrap still contains 0. 1 to 0.2 {)ercent tin after extraction. 

The tin deposit is in a granular form which is easily removed 
from the cathode. It is washed, compressed, and melted by 
immersing in melted tin. The following are the analyses of the 
electrolytic tin Ix'forc and after purification by smelting with 
carbon and slag-forming material : 



Pekcknt 

Tin 

PRnCENT 

I’RBrKNT 

CoPPFR 

Percent 

Iron 

Electrolytic tin before purifying by 
smelting 

95.27 

2.37 

0.09 

2.17 

Electrolytic tin after purification . 

98.74 

1.09 

0.05 

0.12 • 


The cathode current density is about 1 arnp./sq. dm. and the 
current efficiency is about 50 percent calculated for bivalent tin, 
or nearly 100 percent for quadrivalent.’^ The Italian plants are 
said to employ a current density of 0.75 amp./sq. dm., and to detin 
in 3 hours.® 

The electrolyte absorbs carbon dioxide from the air and requires 
constant purification. The presence of carbonate reduces the 

' Mot. Chem. Eng. 10 , 202 (1912). 

® Foorstor, Elektrochnnie wnaseriger Lomngen, p. 545 (1922). 

>Mol. Chem Eng. 10 . 202 (1912). 
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conductance, the current yield is lowered, and the time required 
for detinning is longer. 

In the Italian plants referred to above fresh solution has to be 
added to the electrolyte every two days ; about one tenth of the 
whole solution has to be replaced every week. 

The electrolyte is purified by saturating with carbonic acid for 
precipitation of stannic acid, which is sold as a by-product, while 
the filtrate is causticized with lime and put back into the process. 

The nature of the electrolyte makes this a very difficult process 
to maintain in smooth working order, and there are considerable 
losses in tin due to the large surfaces that have to be washed free 
of the solution. It is for these reasons that it was given up. 

During the war the supply of tin came largely from South Amer- 
ica, and contained impurities not easily removed by fire-refining * 
and in some cases this tin contained gold and silver. Electrolytic 
tin refining was therefore started by the American Smelting and 
Refining Company at Maurer, New Jersey. At first a fluosilicate 
solution was used,^ with the addition of sulfuric acid for the 
precipitation of lead. The composition was 4 to 5 g. tin, 4.6 to 
7.5 g. of free H 2 SiF 6 (10 to 13 g. total H 2 SiF 6 ), 1 to ^5 g. of sul- 
furic acid, and 0.5 to 1.5 g. of hydrofluoric acid per 100 cc. Glue, 
cresol, and oil were used as addition agents. The current density 
was 1.10 to 1.32 amp./sq. dm. The composition of anodes and 
cathodes was as follows all in percent except gold and silver, 
which are in g./lOOO kg. 

Anodes 

Sn Ph Cu Bi As SI) Ar Au 

94-98 0.5-1. 3 0.3-0.6 0.5-3.5 0.02-D.35 0.1-0.25 0.017-0.03 0.34-0.68 

• Cathode.s 

Sn Pb Cu Bi As Sb Ag Au 

99.2-99.9 0.015-0.03 0.02-0.05 0.01-0.0015 0.01-0.09 

This solution has been replaced by one containing 6 g. of tin 
as sulfate and 5 g. of sulfuric acid per 100 cc. 

Tin is also refined in sodium sulfide solution. The electrolysis 
cells are 2.5 m. long, 0.7 m. wide, and 0.9 rn. deep. The cathodes 
are thin cast sheets of pure tin of the same dimensions as the anodes, 
which are cast from crude tin 0.5 m. wide, 0.75 m. long, and 1 cm. 
thick. The number of anodes per cell is 30, the cathodes 29, 3 to 

‘ Kern, Tr. Am. Electroch. Soc. 33 , 156 (1918); 38 , 143 (1920). 

* Kern, Tr. Am. Electroch. Soc. 38, 165 (1920). 
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cm. apart. The electrolyte contains at least 10 percent of 
sodium sulfide, heated by a steam coil placed in the bottom 
of the cell to 80° or 90° C.* Below 70° 0. hydro^ijen is deposited 
and the deposit becomes a black spongy mass. There is no cir- 
culation of the electrolyte. The anodes should not contain over 
10 percent of impurities, which go into the anode mud as sulfides. 
The sodium sulfide is used up a little also by oxidation by the air, 
and must be renewed from time to time. At least 0.6 percent tin 
as sulfide is added to the bath at the start. The electrolyte is 
covered with parafine oil to prevent evaporation. 

The voltage is 0.2 to 0.3 volt. The anode mud must be scraped 
from the anodes from time to time. The current density is 0.5 
amp./sq. dm., which amounts to 1500 amperes for the whole cell. 
The current efficiency, calculated for quadrivalent tin, is 98 to 99 
percent. 

Cathode tin is entirely free from lead, iron, bismuth, silver, 
copper, phosphorus and ansenic. Antimony, however, is depos- 
ited at the usual current densities, but not at very low densities. 
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CHAPTER XI 


ELECTROLYTIC OXIDATION AND REDUCTION 

Every electrolytic process consists of an oxidation at the anode 
and a reduction at the cathode, but those processes in which the 
products are made only at the anode or at the cathode are called 
oxidation or reduction processes. Wh(‘re the reactions at both 
electrodes are required for the final product, it would not be called 
an oxidation or reduction i)rocess in this narrower setjse, unless the 
product is made by a secondary reaction, such as the oxidation of 
litharge to peroxide by hypochlorite. 

In gen('ral, it is necessary to separate the anode and cathode by a 
diaphragm in making an oxidation or a reduction product, though 
there are some substances which form a diaphragm at the cathode, 
such as alkali chromate or calcium chloride, when only a small 
quantity is in solution. These substances tluu'efore prevent the 
reduction of the products of oxidation at the anode. There is no 
substance that prevents oxidation of reduction products as well as 
chromate prevents reduction, though Turkey red oil in the pres- 
ence of a calcium salt does so to a certain extent.^ 

Electrolytic Oxidation. — Regeneration of Chromic Acid. — 
Chromic acid is used in the oxidation of anthracene to anthra- 
chinon, and in the oxidation of organic compounds in the manu- 
facture of camphor, organic acids, etc. In some plants the chromic 
sulfate resulting from the reduction of chromic acid is thrown 
away, though processes for the regeneration of the acid have been 
worked out. 

The best known of these processes is that of Le Blanc and Rei- 
senegger,^ which has Ix'cn operated in a large plant of the Hochst 
dye works at Gersthofen, Germany. The solution, containing 
the equivalent of 100 g./l. of chromic oxide as sulfate and 350 g./l. 
of sulfuric acid is electrolyzed with lead electrodes in a lead-lined 

^ Foerster, Elektrochemie wdaseriger Losungen, p. 601 (1922), 

» U. S. Pat. 630,612 (1899) ; .see also Z. Eleklroch. 6, 256 (1899) ; Askenasy, 
Technische Elektrochemie, 2, 75 (1916) ; Billiter, Die elektrochemischen Verfahren 
der chemischen Orofis-Induslrie, 2 , p. 77 (1911); Lottrnoser and Falk, Z. 
Elektroch. 20 , 366 (1922). 
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cell divided by a diaphragm into anode and cathode compartments. 
Chromic acid is formed at the anode, which becomes covered with 
lead peroxide. This can Ixj represented by the equations : 

2 Cv^ + 30 + 3 H 2 O = 2 Cr^ + 6 OH", 

2 Cr«+ + 16 OH- = 2 (> 04 -" + 8 H 2 O. 

This does not take place on smooth platinum anodes, in spite of 
the fact that the voltage at a given current density in a chromic 
acid-sulfuric acid solution is higher on a platinum electrode than 
on a lead electrode. The presence of a small amount of lead 
salt in the solution catalyzes the reaction, probably by the 
formation of lead peroxide, and results in the formation of chromic 
acid even on a smooth platinum electrode. On platinized plati- 
num the yield is about one third of that on lead anodes, other 
conditions being equal. ^ 

Hydrogen is deposited at the cathode, and sulfuric acid concen- 
trates at the anode and becomes more dilute at the cathode. 
The oxidized solution is used directly for oxidation and is then 
circulated to the cathode compartment, where the concentration 
of sulfuric acid is reduced. It then passes to the anode for oxida- 
tion, and reix'ats the cycle. About 3.5 volts are used per tank and • 
the current efficiency is 70 to 90 percent. 

Chromic acid does not oxidize anthracene rapidly enough to 
electrolyze the two together between lead electrodes and use the 
chromic acid as a catalyzer for oxidation.^ 

The Oxidation of Manganate to Permanganate} — Manganate 
is made by heating potassium hydrate and finely ground man- 
ganese dioxide in the presence of oxygen, according to the reac- 
tion: 

MnOj + 2 KOH + 0 = K2Mn04 + H 2 O. 

This reaction does not go to completion and there is always un- 
changed potassium hydrate left over. Schlesinger, Mullinix, and 
Popoff succeeded in converting 98,4 percent of the manganese 

^Mueller and Soller, Z. Elektroch. 11, 863 (1905). 

* For the description of another similar process, see McKee and Leo, J. Ind. 
Eng. Ch. 12, 16 (1920). 

» Askenasy and Klonowski, Z. Elektroch. 16, 104, 170 (1910) ; Brand and 
Ramsbottom, J. f. prakt. Ch. 82, 336 (1910); Dicffenbach, Germ. Pat. 195,523 
and 195,524 (1905) ; ScliUtz, Z. f. angew. Ch. 24, II, 1628 (1911) ; Schlesinger, 
Mullinix, and Popoff, J. Ind. Eng. Ch. 11, 317 (1919); Springfield, Chem. 
Met. Eng. 22, 1027 (1920); Schlesinger, Jackson, and Cordrey, Ind. Eng. 
Ch. 15, 53 (1923). 
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dioxide to manganate when mixed in the molecular ratio of 2.49 
KOH to 1 Mn02 heated at 450° C., but in some cases the reaction 
stopped when only 60 percent of the dioxide had l)een converted. 
Remoistening and further heating in this case caused further 
conversion. Sodium hydrate does not give as good a yield as 
potassium hydrate. Where potassium hydrate gives 85 percent 
conversion, sodium hydrate gives only 23.4 [X'rcent. It is also a 
peculiarity of this reaction that different samples of dioxide give 
different results though the content of dioxide is the same. 

According to measurements by Askenasy the oxygen dissocia- 
tion pressure of potassium permanganate is ^ atmosphere at 
600° C., so that potassium permanganate could not form above 
this temperature, if it were not for the fact that a solid solution 
forms which lowers this dissociation pressure. In making sodium 
permanganate, in the plants that operated in Southern California 
during the war the mixture was heated to 980° C.^ 

The manganate is dissolved, filtered, and oxidized to perman- 
ganate either electrolytically or by means of chlorine and sulfuric 
or carbonic acid. Chlorine prevents the formation of manpnese 
dioxide, which takes place when the solution is acidified without 
chlorine : 

3 K 2 Mn 04 + 2 CO 2 = 2 KMn 04 + 2 KjCOa + MnOj, 

2 K2Mn04 + CI 2 = 2 KCl + KMn()4. 

In the electrolysis with a diaphragm, alkali tends to concentrate 
in the cathode compartment, but it is also produced by oxida- 
tion at the anode, as shown by the equation : 

2 Mn04" + 0 + II 2 O = Mn04- + 20 H-. 

According to Askenasy 2 this electrolysis is also carried out without 
a diaphragm, as follows: Cathodes consisting of iron rods are 
placed 2 cm. distant from sheet-iron anodes and are so proportioned 
that the anodic current density is 9 amp./sq. dm., while the 
cathodic is 90 amp./sq. dm. At 60° C. this arrangement requires 
3 volts across the cell. The yield of potassium permanganate is 
about 34 kg./kw.-day. 

The electrolyte containing permanganate in suspension is 
cooled and after crystallization, which requires a rather long time, 
is removed from the crystals and is concentrated in vacuum 
evaporators. 

‘ Springfield, Ic. 

* Technische Elektrochemie, 2 , 72 ( 1916 ). 
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Permanganate can also be made by electrolyzing manganese or 
ferromanganese anodes in a solution of sodium or potassium hy- 
drate as first shown by Lorenz.* The iron is oxidized and forms 
anode mud along with part of the manganese. In potassium 
hydrate the oxide scale which forms soon insulates the anode so 
that no more metal goes in .solution, but with carbonate this does 
not happen if the temperature is not allowed to increa.se much 
above 40° C. Only about 60 i^ercent of the manganese in the 
anode goes into the form of permanganate using 75 percent ferro- 
manganese anodes.- 

The yield in permanganate decreases with the decrease in 
manganese in the ferromanganese anodes, and under 40 percent 
there is no yiedd."* The relation between composition and current 
efficiency is shown by the following hgures. The.se experiments 
were carried out with 12 percent sodium carbonate at 25° C. at 
10 amp./.s(p dm. 


Ckuckst Anodk Composition 

PfinrKNT CruuENT 
Effioilncy 

Mn 


60.2 

31.8 

10.34 

70,4 

22.8 

28 

80,4 j 

14.4 1 

38.7 

89 i 

6.7 i 

4r).3 

94 

1 

0 

50.1 


The only impurity in the anod(‘.s that has a harmful effect is cobalt. 
A 2-percent content in the anodes prevents the formation of i)er- 
manganate completely. 

The current density has a marked effect on the current efficiency. 
The efficiency is low at low densit ies, and rises at first rapidly then 
more slowly after reaching a current density of 7 to 9 amp./sq. dm. 
The minimum energy consumption is at 6 amp./sq. dm., but the 
higher yield obtained at twice this current density more than 
balances the small increase in cost of energy. With 35 percent 
current efficiency and 7 volts per cell the yield is about 0.9 kg./kw.- 
day. 

The current efficiency decreases rapidly the temperature rises. 
The minimum energy consumption is at 30° C. 

» Z. anorR. Ch. 12 , .393 (1896). 

* Thompson, Chem. Met. Eng. 21 , 680 (1919). 

* Wilson, Horsch, and Youtz, J. Ind. Eng. Gh. 13 , 763 (1921). 
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This process is much more expensive than the usual one, though 
it is simpler to carry out. 

Chromate can be made from ferrochromium anodes, but this 
has not yet been as thoroughly investigated as the analogous case 
of permanganate. 

The Oxidation of Potassium Ferrocyanidc to Fcrricyanidc} — For- 
merly ferricyanide was made by the oxidation of ferrocyanidc by 
chlorine : 

2 K4Fe(CN)6 + Cb = 2 K3Fe(CN)6 + 2 KCl, 

but to some extent electrolytic oxidation has displaced this method, 
on account of the difficulty of separating the ferricyanide and the 
potassium chloride. The reaction is : 

2 K4Fe(CN)6 -f 0 + H^O = 2 K3Fe(CN)c -h 2 KOH. 

This reaction takes place with a high current efficiency. A dia- 
phragm is necessary to prevent reduction of h'rricyanide formed 
at the anode, as such additions as chromate ar(‘ not ('fficient in 
preventing this reduction. 

Ferricyanide is more soluble than ferrocyanide, and h'rricyanide 
would not crystallize from a solution saturated with ferrocya- 
nide and completely oxidized to ferricyanide. An alkaline solution 
saturated with ferricyanide, how(‘V('r, vill dissolve ('iiough ferro- 
cyanide to make nearly 100 |X'rcent current ('fficieney i)ossible, so 
that by continually adding ferrocyanidc to the anode compartment 
and edectrolyzing, solid ferricyanide can be produced in a high 
degree of purity. 

Eventuidly the anode solution must be fn'od from the potassium 
hydrate formed, since only 40 iKTcent of that f(;rmed by the oxi- 
dation is removed by transference. This cannot be done by 
evaporation and crystallization of the iron salts without a large 
loss in ferricyanide by decomposition. Therefore the double 
salt K 2 (^aFe(CN )6 is stirred up in the solution and carbon dioxide 
is passed in at the same time, causing the removal of all hydrate : 

K2Ca(CN)6 -f 2 KOH + CA = K4Fe(ON), + CaCOj + H 2 O, 

and this solution can then returned to the anode compartment. 
Enough water must be added to prevent the precipitation of ferro- 
and ferricyanide. 

The cells used in practice for this oxidation do not seem to have 
been described. 

* G. Grube, Die Elektrolytische Darstellung dee Ferricyankaliuins, 1913 ; 
Z. Elektroch. 20, 334 (1914). 
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The Oxidation of Sulfate to Persulfate. — Persulfuric acid and 
its salts can be prepared only by electrolysis. They are used in 
photography as oxidizing agents, and in the production of hydro- 
gen peroxide. Persulfuric acid differs from sulfuric acid in that 
lead persulfate and barium persulfate are soluble, and in being an 
oxidizing agent to a limited extent. It oxidizes ferrous sulfate, 
but does not liberate iodine from an iodide. The relation between 


hydrogen peroxide, Caro’s acid, and persulfuric acid is the follow- 
ing: 

OH 

1 

O-SO 2 -OH 

1 

O-SO 2 -OH 

1 

OH 

1 

OH 

1 

O-SO 2 -OH 

Hydrogen 

Peroxide 

Caro’s Acid 

Univalent 

Persulfuric 

Acid 


Hydrogen peroxide is made from acid solutions of jx^rsulfates by 
warming with the int('rmcdiatc formation of Caro’s acid : 

H 2 S 2 O 8 -f H 2 O - H 2 SO, + H 2 SO 4 , (1) 

and then 

H2S()6 + H.O = H2SO4 + H2O2. (2) 

The solution in which these reactions take place must contain 
between 40 and 58 percent sulfuric acid. Another decomposition 
to which fxjrsulfuric acid and its salts arc subject is : 

M2S2O8 -f II2O = 2 MHSO4 + 0, ( 3 ) 

but this is very slow at room temix'rature. All decompositions of 
persulfates are accek'rated at high temperature, consequently the 
electrolysis has to be carried Inflow 30*^ C.‘ 

The electrolytic oxidation of sulfuric acid or its salts to persul- 
furic acid or persulfates can Ix) represented by any of the reactions : 


2 SO4- - + O + H2O = S2()8- - + 2 OH-, ( 4 ) 

2 HSO4- + 0 + H2() = H2S2O8 + 2 OH- ( 5 ) 

2 H2SO4 + 0 4 - H2O = H2S2O8 + H2O, ( 6 ) 

2 HSO4- + 2 F = H2S2O8, ( 7 ) 

2S04-- + 2F = S 2 O 8 -- (8) 


There is no way of telling with certainty which of these reactions 
take place. ^ 

i Levi, Z. Elektroch. 9 , 427 (1903). 

* Friessner, Z. Elektroch. 10 , 287 (1904), believes (7) and (8) do not take 
place. 
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Persulfates and persulfuric acid are easily reduced at the cathode, 
and the anode and cathode must therefore be separated by a 
diaphragm, or 0.2 percent chromate should be added to prevent 
reduction. If a diaphragm is used, sulfuric acid is used in the 
cathode compartment. 

The electrolytic oxidation of the sulfate ion is more difficult 
than the evolution of oxygen ‘ and is therefore always accom- 
panied by the evolution of oxygen and ozone. Smooth, ignited 
platinum anodes give the tx'st results, rough })latinum and iridium 
give poor yields, and palladium or platinized platinum give no 
yield at all.^ The presence of ions that make the anode potential 
more positive, such as chlorine or fluorine, increase's the yield. 

In adding hydrofluoric acid to the solution there is danger of 
the formation of salt-crusts at the anodes which destroy the bene- 
ficial effect of the fluorine. The cause of this formation is not 
understood, but the smoother the anode, the less the t('ndency for 
the formation to take place. The cation is also of great influence 
on the yield, since it has been found that the yield is different 
for different salts of sulfuric acid and for sulfuric acid itself, as is 
shown in Table 37.^ 

Table 37, Yield op Persulfate in Electrolyses Lasting 30 to 40 Min. 

AT 6® TO 8“ C, D. = .W Amp./Sq. Dm. Current = 2 ,5 Amp. Anode 

Solution = 50 cc. 


Grams H*S04 per Liter 

Percent Current Ekficiency When the SO 4 Is Present ab 

(NH4)|S04 

H,S04 

80 

11.1 

0.0 

160 

37.2 

0.5 

240 

59.1 

1.0 

320 

73.8 

4.4 

400 

82.2 

15.3 


Potassium and nickel are similar to ammonium in their effects on 
the yield, but the yields for magnesium and sodium are about the 

»Elbs and Schoenherr, Z. Elektroch. 1 , 417, 468 (1895); 2 , 245 (1895); 
Mueller and Schellhaas, ibid., 13 , 257 (1907) ; Mueller and Friedherger, iUd., 
8, 230 (1902). 

* Btiltemann, Dissertation, Dresden (1905); Foerster, Electrochemie 
wdsseriger Losungen, p. 838 (1922). 

• Elba and Schoenherr, Z. Elektroch. 2 , 247 (1905). 
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same as that with sulfuric acid. The reason for the different 
yields of different salts of sulfuric acid is not known. 

With sulfuric acid the yield shows a maximum at a specific 
gravity of 1.8 to 1.45. This is due to the fact that while the 
oxidation to persulfate increases with the concentration of sulfuric 
acid, the formation of Caro’s acid also increases and this lowers 
the anode potential which in turn lowers efficiency of production 
of more fx^rsulfuric acid, and also uses up that already formed. 
Caro’s acid is reduced at the anode, an exceptional kind of 
reaction : 

HaSOfi + 0 = II2SO4 -f O2, (9) 

with a simultaneous lowering of the anode potentials. This causes 
a reduction in the current efficiency in producing persulfuric acid. 

On electrolyzing a sufficiently strong sulfuric acid solution, it is 
found that the; current efficiency at first rises, then falls to negative 
values, and finally approaches slowly a zero value. The anode 
potential also ^ decreases as the current efficiency falls to zero. 
This peculiar behavior is due to the reduction of Caro’s acid by 
equation (9), and when the second zero value of current efficiency 
is reached, the amount of p(Tsulfuric acid made equals that de- 
stroyed by (9). Figun^ 75 shows the current yield and the con- 
centrations before and after the first zero value of current effi- 
ciency,^ After passing this zero point, Caro’s acid increases at 
the expense of jx^rsulfuric acid and reaches its maximum value 
when the current efficiency has its largest negative value. 

Since persulfuric acid is changed into Caro’s acid by a purely 
chemical reaction, it follows that the concentration of pt^rsulfuric 
acid should increase in proportion as the current concentration 
increases, as there is then less time for it to change to Caro’s acid, 
and this has been verified experimentally.'’ 

The current efficiency reaches a maximum as the current density 
is increased, because high current density increases the concen- 
tration of persulfuric at the anode and consequently increases the 
amount that changes to Caro’s acid by (1). 

Increased temperature lowers the anode potential and conse- 
quently the current efficiency, and also increases the velocity with 
which persulfuric acid changes to Caro’ii acid. 

The following are favorable conditions for the production of 

‘ Ebl)S and Schoenherr, l.c. 

* H. V. Ferl>er, Dissertation, Dresden, 1913. 

•Mueller and Emslander, Z. Elektroch. 18, 752 (1912). 
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persulfuric acid : ^ anode current density 67 anip./sq. dm., current 
concentration 55 amp./l. and temperature 3° to 4° C. These give : 



Fio. 75. — Klkctrolysis of 14 -n- to 19-n-H2.S04 Solution 
AT 7° C Anouk ('ukuent Drnhity = 7 5 Ami»./Sq. Dm. 
Current ('onokntration =40 Amp./L. 



In 12-/t H,S04 

l.N ir> «-HiS04 

To first zero value of current efficiency; 
g./l, active oxygen 

48 to 50 

37 

Percent (current efficiency .... 

37 

39 

To the point where the current efficiency 
has just reached 50 percent ; g./l. ac- 
tive oxygen 

26 

24 

Percent current efficiency .... 

58 

6() 


As shown above much more favorable yields can be obtained 
with ammonium sulfate. With a saturated ammonium sulfate 
solution containing 0.2 percent of potassium chromate, ammonium 
persulfate can be made continuously, as it is less soluble than 
ammonium sulfate and crystallizes from the solution. The solu- 
tion tends to become alkaline as shown by the reaction : 

2(NH4)2S04 + 0 + H 2 O = NH4)2S208 + 2 NH 4 OH. (10) 
This ammonia has to be neutralized by sulfuric acid since the 
‘ Foerster, Elektrochemie wii^seriger Ldmngen, p. 845 (1922). 
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yield of persulfate decreases in alkaline solution and since ammonia 
would be lost by oxidation at the anode to nitrogen and nitric 
acid. The current yield is about 80 jx'rcent at 15° to 20° C. at 
20 amp./sq. dm. About 8 volts are required with a diaphragm, 6 
volts without a diaphragm. With 6 volts and 80 percent current 
efficiency the yield of ammonium persulfate would be 13.6 kg./kw.- 
day. 

The details of how this electrolysis is carried out in practice are 
secret. Cells without diaphragms probably use lead water-cooled 
pipes as cathodes.^ Chromate docs not prevent reduction with 
lead cathodes , 2 so these must either be wound with asbestos string 
or high current density must be used. 

The relation between cathode current density and current yield 
in the absence of a diaphragm or chromate in acidified ammonium 
sulfate solution is as follows : * 


Cathode Current Density 
IN AMP./Sg. Dm. 

10 

50 

150 

300 


Current Yirm) in Persulfate 
in Percent 

25 

50 

60 

70 


It is important to have the product form large crystals, other- 
wise they are hard to separate from the mother licpior and are not 
stable. This is said to Iw accomplished by the addition of 0.2 
percent of a potassium salt.'* 

The oxidation of thiosulfates to tetrathionates, M 2 S 2 O 3 to 
M 2 S 4 O 6 , and sulfites to dithionates, M2SO3 to M2S2O6, are analogous 
to the production of i)ersulfates, but they seem to have no technical 
importances, and will therefore not be discussed.^ The same is 
true of percarbonates, M 2 C 2 O 6 ,® which can be made with a current 
efficiency of 70 f)ercent at — 10° C. Sodium percarbonate is a 
powerful oxidizing agent and was produced technically for a short 
while. ^ 


* Billiter, Die eleklrochemischen Verfahren der chemischen Gross-Indiistrie, 
2 , 91 (1911). 

* Fot^rster, Elektrochemie 'lo&sseriger Losungen, p. 599 (1922). 

’Billiter, /.c., 2 , 91 (1911). 

* Billiter, /.r., p. 91. 

‘Thatcher, Z. phys. Ch. 47 , G41 (1904), on tetrathionate ; Friessner, Z. 
Elektroch. 10, 265 (i904), on dithionate. 

* Conatam and Hansen, Z. Elektroch. 3 , 137 (1896), 445 (1897), Germ. Pat. 
91,612. 

’ Billiter, l.c., p. 95. 
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The Electrolytic Oxidation of Stdfur Dioxide. — The use of the 
large amounts of sulfur dioxide made in roasting sulfur ores might 
be used to depolarize unattackable anodes in the extraction of 
copper and in similar operations. This has been studied but 
apparently has not yet been applied.^ The dioxide is oxidized to 
sulfuric acid. 

The Luckow Process for White Lead, Lead Chromate, and Lead 
Dioxide. — In the production of potassium jx'rmanganate from 
ferromanganese an example has been given where the anode itself 
is oxidized to the desired compound. Another such case is the 
production of white lead, 2 PbCOs ■ Pb(OH) 2 , from soft lead 
anodes.^ If load anodes were elcctrolyzc'd in a solution of sodium 
carbonate, lead carbonate would stick to th(' anod(‘, cause the 
voltage to rise, and the evolution of oxygen and the formation of 
lead dioxide. This is avoided by using a solution containing only 
1.5 percent of alkali salts, 80 to 90 perccuit of which consists of 
sodium chlorate, and the rest sodium carbonate. Ix'ad chlorate 
is formed at the anode and is not precipitated as carbonate until 
it is so far from the anode that it no longer has a tendency to stick. 
A low current density is also necessary, about 0.5 amp./sq. dm. 
The alkali formed at the cathode is neutralized by passing in 
carbonic acid, but the solution should lx‘ slightly alkaline in order 
to get a basic carbonate. The cathodes are held in linen sacks 
to prevent blackening the product. Under these conditions the 
anode remains completely clean and the white lead settles to the 
bottom of the tank. 

It is said that white lead made in this way is too transparent 
and absorbs too much oil,^ so it is evidently important to get the 
right physical state. This is said to havc^ been done by Krejci.* 

Electrolytic white lead is made at East Chicago by the Anaconda 
Lead Products Company but no details of the process are availa- 
ble.f^ 

By substituting sodium chromate for sodium carbonate in the 
solution for white lead, lead chromate can lx* made, but it is mixed 
with lead dioxide which spoils the color. Ix'ad dioxide can be 

* M. de K. Thompson, N. J. Thompson, and Sullivan, Met. Chem. Eng. 
16, 677 (1916); 18, 178 (1918). 

* C. Luckow, Germ. Pat. 91,707 (1894); Le Blanc and Bindschedler, Z. 
Elektroch. 8, 255 (1902); Isenburg, 9, 275 (1903); Min. Ind. 28, 432 
(1919). 

*MUler, J. Phys. Ch. 13, 256 (1909). 

^ Chem. Met. Eng. 22, .531 (1920), editorial. 

“Min. Ind. 29,414 (1020). 
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made by using a 1.5 percent solution of a mixture consisting 
of 99.5 parts of sodium sulfate and 0.5 part of sodium chlo- 
ride. 

Another method of making lead dioxide is to electrolyze a sodium 
chloride solution in which lead oxide is suspended. ‘ Lead oxide 
is oxidized by the hypochlorite formed by the electrolysis of the 
chloride : 

PbO + NaClO = Pb02 + NaCl. 

Manganese Dioxide. — This can be made by electrolyzing solu- 
tions of manganese sulfate at 0.9 to 1.7 amp./sq. dm. with current 
efficiencies over 90 percent.^ This has not yet been applied on a 
large scale. 

Electrolytic Oxidation of Organic Compounds. — Organic sub- 
stances oxidize only slowly, and part of the oxygen deposited at the 
anode is liberated as a gas in place of oxidizing the organic sub- 
stance in solution or suspended in the solution. This results in the 
anode potential rising to the point where the organic substance 
is completely destroyed by oxidation to carbonic acid and water. 
For this reason oxidation is very little used with organic sub- 
stances. In some cases the anode potential can be prevented from 
rising to the ])oint at which complete oxidation takes place by 
adding a salt which catalyzes the oxidation, such as cerium sulfate, 
or manganese sulfate. Cerium sulfate is especially suited for this 
purpose, and it has been proposed to use it for the oxidation of 
anthracene to anthrachinon. A 2-iX5rcent solution of ceric sulfate 
in 20-percent sulfuric acid ^ would be used into which anthracene 
is stirred. The anode is the lead containing-vessel, the anode 
current density is 5 amp./sep dm. at about 3 volts, and the tem- 
perature 70° to 90° C. A maximum current efficiency of 80 per- 
cent can be obtained,^ but this decreases as the oxidation proceeds. 
This method is not used in practice. 

Iodoform and bromoform arc two of the few examples of the 
anodic production of organic compounds, and these are made by 
secondary reactions. Iodoform can be made by the action of 
iodine on alcohol, acetone, or aldehyde. The chemical method 
consists in adding iodine to an alkaline solution of alcohol at 60° 
to 70° C. Iodine forms some hypoiodous acid with the hydroxyl 

^ Germ. Pat. 124,512 (1900). 

* Van Arsdale and Maior, Tr. Am. Electroch. Soc. S3, 109 (1918). 

* Farbwerke vorra. Meister, Lucius & Briining, Germ. Pat. 152,063 (1902). 

* Fontana and Perkin, Electroch. Ind. 2 , 249 (1904). 
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ions and this and free iodine act on alcohol, the result of which 
can be represented by the equation : 

CH3CH2OH + 3 I2 -f 2 HIO = CHI3 + CO2 -f H2O + 5 HI, ( 1 ) 


though this is the result of several intermediate reactions. This 
involves the loss of iodine, and for this reason the electrolytic 
method has to a large extent displaced the chemical method. 

Iodoform is made by electrolyzing at 60° to 70° C. a solution 
containing 10 to 16 parts of potassium iodide, 5 parts of sodium 
carbonate, 10 parts of 96-percent alcohol, and 100 i)arts of water.^ 
The current density should Ix' between 1 and 2 amp./sq. dm. at 
2 to 2.5 volts. The anode is smooth platinum, and the cathode 
a lead plate inclosed in parchment to prevent reduction of iodine 
set free at the anode. Since the electrolytic formation of 2 HIO 
takes four faradays, and 3 I 2 six faradays, according to equation 
(1) the theoretical yield in iodoform is 1.47 g./amp. hr. At 2.3 
volts the energy yield would be 15.3 kg./kw.Kiay. The carbonic 
acid which escapes has to be replaced, otherwise the solution 
would become more alkaline and the current efficiency would fall, 
due to the increased formation of iodate in alkaline solution. As 
iodine is added in the form of potas.sium iodide the potassium car- 
bonate increases in concentration and has to lx‘ removed. Under 
proper conditions a current efficiency of 80 to 90 percent is obtained. 

If acetone is used, the reaction is : ^ 


CH3COCH3 + 3 I2 = CI3COCH3 + 3 HI, 
CI3COCH3 + H2O = CHI3 4 - (’H3COOH. 


Here the current yield is better, but the solution becomes alka- 
line more rapidly, and the reaction does not go as well as with 

alcohol. , ^ 1 • 

Bromoform is made with a good current yield by electrolyzing 
a solution of potassium bromide in the presence of acetone.* The 
reactions are the same as with iodine. 3 he alkali is neutralized 
with a vigorous current of carbonic acid so that the solution is 
slightly acid and the bromoform is colored with free bromine. 
After the run the bromoform can be decolorized by adding more 


‘Germ. Pat. 29,771 (1884); Elbe and Herz, Z. Elektroch. 4 , 113 (1897); 

Foerster and Meves, iWd., 4 , 268 (1897). on 17n/'1QA4^. 

* AWwtt, J. Phys. Ch. 7 , 84 (1903) ; Teeple, J. Am. Gh. 80c. 26 , 170 (1904) , 

Roush, Tr. Am. Electroch. Soc. 8 , 281 (1905). , t 1 w 1 * k 

‘Coughlin, Am. Ch. J. 27 , 63 (1902); Mueller and Locke, Z. Elektroch. 


10 , 409 (1904). 
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carbonate. A current yield of 90 percent can be obtained by 
electrolyzing below 30° C. a solution containing 100 g. potas- 
sium bromide, 120 g. acid potassium carbonate, 120 g. acetone, 
and 2 g. potassium chromate per liter, with an anode current 
density of 10 amp./sq. dm. and a higher cathodic current den- 
sity. 

Chloroform can also be made in the same way,* but it is more 
difficult on account of the volatility of chloroform and on account 
of the ease with which it is decomposed by alkalinity, or its tend- 
ency to be changed to carbon tetrachloride in acid solution. 

£lectrol3rtic Reduction. — Electrolytic rcdu(;tion may be of 
great importance in applied electrochemistry, but if so, it is strange 
that not more about it has api)cared in print. In very few cases 
is it possible to give a full account of the way in which a reduction 
process is carried out technically. 

The electrolytic reduction of galena, or lead sulfide, in a sulfuric 
acid solution was carried out for a while on a large scale at Niagara 
Falls, but had to be given up eventually on account of the poisonous 
effect of the hydrogen sulfide produced. 

The galena, which had been ground to pass a 40- to 50-mesh 
sieve, was spread in a layer ^ inch thick and covered with dilute 
sulfuric acid.'-^ The current density was 30 amp./sq. ft., and the 
current efficiency was about 66 percent.® About 97 percent of 
the lead sulfide was reduced to spongy lead, which was washed 
free of sulfuric acid, and converted into litharge by roast- 
ing. 

It is possible that electrolytic reduction is used for the production 
of salts otherwise difficult to obtain, such as chromous salts 
A solution containing 20 g. of chromic sulfate in 100 cc. of 4-normal 
sulfuric acid is electrolyzed with 3 amp./sq. dm. and a current 
concentration of 50 amp./l. with vigorous stirring in the cathode 
compartment. The temperature may increase to 60° C. without 
harm. The current efficiency at first is 70 to 80 percent but soon 
falls to low values, and reaches zero when 95 percent of the chromic 
salt is reduced. By concentrating the solution in a vacuum 
crystals of CrS 04 • 5 H 2 O are obtained. 

» Waeser, Chem. Ztg. 34 , 141 (1910); Feyer, Z. Elektroch. 26 , 115 (1919); 
Roush, Tr. Am. Electroch. Soc. 8, 281 (1906). 

• Salom, Trans. Am. Electrochem. Soc. 1, 87 (1902). 

• Salom, Trans. Am. Electrochem. Soc. 4 , 101 (1903). 

• BoehriiiRcr A Sohne, Germ. Pat. 115, 463 (1899); Traube and Goodson, 
B. B. 49 , 1079 (1916). 
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The lead cathode may be covered with a thin layer of lead 
sponge/ or may be polished and amalgamated.* The violet modi- 
fication of the chloride and sulfate give higher current efficiencies, 
and the reduction can Ixj carried nearer completion than with the 
green salts which give complex ions in solution; but the green 
salts are more easily obtained and are more soluble. 

It has been proposed to make the reducing agent sodium hy- 
posulfite, or hydrosulfite, Na2S204, by electrolytic reduction, in 
place of reduction with zinc : 

4 NaHS04 + Zn = Na2S204 -h Na2S03 + ZnSOa + 2 H2O. 
Electrolytic reduction takes place easily : 

2 HSO3- + 2 H+ 4 - 2 F = S2O4- - + 2 H2O. ( 1 ) 

The current efficiency is lowered by the decomposition of the salt 
according to the reaction : 

2 S2O4- - 4 H2O = 2 HSO3- 4 S2O3- -, ( 2 ) 

forming the original salt and thiosulfate.’’ As the concentration 
of hyposulfite becomes higher, its decomposition according to ( 2 ) 
increases until the amount formed equals that decomposed, and 
the electrolysis apparently then produces only thiosulfate. There- 
fore, in order to get a high concentration of hyposulfite the current 
concentration should be high, and the solution should be kept cool. 
Jellinek prepared a 10 -percent hyposulfite solution with 80 percent 
current efficiency starting with 5 -normal acid sodium sulfate and 
a current concentration of 5 amp./lOO cc. The reaction ( 2 ) does 
not go rapidly if the cool solution is dilute in bisulfite.^ There- 
fore if the solution contains initially 10 g. bisulfite, and this salt 
is added as it is used up, a concentrated solution of hyposulfite 
can be made without a high current concentration. 

Electrolytic Reduction of Organic Compounds.^ — A large 
amount of research has been done on the reduction of organic 
compounds, and this is probably carried out commercially to a 

* Tafel, Z. phys. Ch. 34 , 190 (1900), finds reductions frequently do not 
take place well on smooth lead, but that the current efficiency increases when 
the surface is “ formed ” or even roughened with sand. 

* Foerster, Elektrochemie wasseriger Losungen, p. 602 (1922). 

’Jellinek, Z. Elektroch. 17 , 245 (1911). 

* Badische Anilin- und Sodafabrik, Genn. Pat. 276,058 (1912). 

‘ Haber and Moser, Die ElekirolytUchen Prozesee der organiechen Chemie 
(1910). 
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certain extent on high-priced chemicals but is not carried out on a 
large scale, as far as is known. 

One of the best known examples of electrolytic reduction is that 
of nitrobenzene to aniline or to intermediate compounds. This 
reduction takes place in steps, as follows : 

CftHtNOa CeHsNO ^ CeHsNHOH C6H6NH2, ( 1 ) 

NitrobenMne NitroHoben*ene Phenylhydroxylamine Aniline 

and on strongly reducing cathodes, such as lead, zinc, copper, tin, 
and mercury the end product is aniline, whether the solution is 
alkaline or acid. If the cathode is not so strongly reducing, as 
is the case with nickel, carbon, silver, or platinum, when phenyl- 
hydroxylamine is formed secondary reactions take place on 
account of the strongly active nature of this substance, and these 
reactions are different in alkaline and in acid solutions. The 
following discussion, therefore, applies only to nickel, carbon, sil- 
ver, or platinum cathodes. If phenylhydroxylamine is to be made, 
the solution must be nearly neutral to avoid these secondary 
reactions. A slight alkalinity or acidity is necessary to give the 
solution sufficient conductance ; a suitable slightly alkaline solu- 
tion is an alcoholic ammoniacal solution of nitrobenzene contain- 
ing ammonium chloride. 

In acid solution phenylhydroxylamine changes rapidly into para- 
amidophenol : /NH 2 

CeHfiNHOH = CeH/ ' (2) 

and also reacts with nitrosobenzene : 

C6H5NHOH -f CeH5NO = CeHsN - NC6H5 -f H2O. ( 3 ) 

\/ 

0 

Asoxybencene 

Azoxybenzene is then reduced to hydrazobenzene : 

C5H5NH-NHC6H5, 

which by a rearrangement changes partly to benzidine : 

NH2C6H4-'C5H4NH2 

and is partly reduced to aniline. Therefore in an alcoholic sul- 
furic acid solution the reduction of nitrobenzene gives a mixture 
of para-amidophenol, benzidine, and aniline. The more concen- 
trated the acid the greater the proportion of para-araidophenol, 
but the production of benzidine and aniline can not be entirely 



THEORETICAL AND APPLIED ELECTROCHEMISTRY 273 


prevented. These reactions can be summarized in the following 
diagram, where full arrows indicate electrochemical reduction, 
dotted arrows secondary reactions. 

Acid Solution 

CeHsNOa >-CeILNO ^-CJItNHOH >-C6H5NH, 

/ 

'■••x / 

CoHsNH-NHCeHi-* CJIsN-NC^Ils \ 

\/ \ /NH, 

i O ch/ 

NH2C6Hi-C6H4NH2 \)H 

In alkaline solution reaction (3) takes place with great rapidity, 
and azoxybenzene is then reduced ('xclusivcly to hydrazobenzene : 

CnHioNjO + 4 H = CoHsNH-NHCeH, + IhO, (4) 
which reacts with nitrobenzene as follows : 

3 CsHsNH-NHCeHs + 2 CoHsNOj = 3 C6H2N = NCeH6 + 

Asobcozone 

CeHsN-NCellh -f 3 HjO, (5) 

\/ 

0 

Azoxybonzene 

and azobenzene is the 6nal product with the cathodes named 
above. The following diagram summarizes the reactions for 
alkaline solutions : 

CeKsNOa ^-C6H6N0 J-CelhNHOH 


\ 

CeH5N-NCeIl5- 

\/ 


o 


CflHhNH— NHCeHs 


! C6H5N«NCeH5 

Similar reactions take place with many substitution products 
of nitrobenzene. 

As to the application of these reactions, not much information 
is available. During the war the Eastman Kodak Company 
attempted the electrol 3 rtic production of para-aminophenol. 
Platinum cathodes 25.4 cm. wide, 30 cm. long, and 0.075 mm. 
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thick were used, and platinum anodes of a small area. Lead 
anodes were found to * favor the formation of aniline. The cells 
were glazed earthenware and the diaphragms were thin porous 
porcelain, 12 in. square, held in place by sulfur seals. Forty such 
cells were set up in banks of ten connected in series ; cooling to 
30° C. was effected by placing the cells in a tank of water with cool- 
ing coils through which brine circulated. The catholyte consisted 
of 540 cc. of nitrobenzene and 1800 ce. of 91 -percent sulfuric acid, 
while the anode compartments were filled with sulfuric acid of 1.75 
specific gravity. A current of 60 amp. (6 amp./sq. dm.) was 
passed for 24 hours, at 8 volts, 4 of which were due to the dia- 
phragm. The forty cells produced 57 to 69 kg. of para-amino- 
phenol hydrochloride per week at a current efficiency of 25 per- 
cent, and a yield of 0.9 to 1.2 kg./kw.-day The chief expenses 
were the sulfuric acid and the labor. The cost with this equipment 
was too high to compete with any chemical method and the process 
was given up, and the cells were used for the preparation of ammo- 
nium persulfate. 

It is rumored that in Germany nitrobenzene is reduced to aniline 
in the cathode compartments of cells for chlorine and caustic. 
This would probably also lower the voltage required by these 
cells.* 

‘ McDaniel, Schneider, and Ballard, Tr. Ain. Eloctroch Soc. 39, 441 (1921). 

’ For a di8(!U8aion of the industrial electrolytic preparation of organic 
chemicals, see Thatcher, Tr. Am. Electroch. Soc. 36, 337 (1919) ; and Strachan, 
J. Ind. Eng. Ch. 14, 910 (1922). 



CHAPTER XII 

THE ELECTROLYSIS OF ALKALI HALIDES 

Theoretical Discussion. — The Chemical Action of the Halogens 
on Alkali Hydrak. — The electrolysis of sodium and potassium 
chlorides is one of the largest electrochemical industries that is 
carried out in aqueous solution ; the electrolysis of the other halides 
is comparatively unimportant. Chlorine and sodium hydrate, 
hypochlorite, chlorate, or perchlorate may be produced from 
sodium chloride, depending on the conditions of the electrolysis. 

The first products obtained on electrolyzing the solution of an 
alkali chloride arc chlorine at the anode and alkali hydrate at the 
cathode. If these two primary products are the ones desired, 
they must not be allowed to mix, while if hyperchlorite, chlorate, 
or perchlorate is desired, the chlorine and hydrate must be allowed 
to react with each other. Before describing the electrolysis of the 
alkali halides a brief account of the purely chemical rc'actions that 
take place i)etween the halogens and hydroxyl ions will be given. 

When fluorine acts on hydroxyl ions it di.scharges an equivalent 
number of hydroxyl ions just as zinc ions replace those of copper : 

F 2 4- 2 OH- = 2 F- + H 2 O + 0, (1) 

and the oxygen is partly in form of ozone. The electrolytic solu- 
tion pressure of fluorine is so great that reaction (1) takes place in 
any aqueous solution, whatever the concentration of the hydroxyl 
ions. With the other halogens the reaction is different : 

X 2 + OH- = X- + XOH, (2) 

but in a neutral or acid solution reaction (2) takes place so slowly 
that these halogens can be obtained in the free state. If all of X 
is to react with hydroxyl ions the hydroxyl ion concentration must 
be a little greater than its value in pure water, and in this case the 
acid XOH is neutralized : 


XOH 4- OH- = XO- 4- H 2 O, 
275 


( 3 ) 
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SO that the total reaction of chlorine, bromine, and iodine on 
hydroxyl ions is : 

X 2 + 2 NaOH = NaX 4* NaOX + E.O. (4) 

With chlorine (4) goes to completion from left to right while with 
bromine and iodine there is an appreciable amount left uncombined 
at equilibrium, when mixed with equivalent amounts of hydrate. 
Hypochlorite is not stable, but tends to change to chlorate in the 
presence of even very minute amounts of acid : 

2 HOCl -f NaOCl = NaClOa + 2 HCl, (5) 

and the hydrochloric acid sc^t free by reaction (5) sets free more 
hypochlorous acid, so that the reaction continues till all hypo- 
chlorite is changed to chlorate. Hypobrornites change according 
to (5) with 100 times the velocity of hypochlorites, and hypoiodites 
with a velocity too rapid to measure. 

In alkaline solution hypochlorite and hypobromite are much 
more stable than in acid, and may Ixi kei)t unchanged for days, 
but eventually are changed to chlorate or bromate. With hypo- 
chlorite this takes place in two steps : 

2 NaClO - NaC102 + NaCl, (6) 

NaClOa 4- NaClO = NaClOs + NaCl.‘ (7) 

Reaction (7) is about 36 times as rapid as (6). Here, as in acid 
solution, bromate is formed more rapidly than chlorate, and iodate 
so rapidly that in a short time no hypoiodite is left. Reactions 
(6) and (7) are also accompanied to a slight extent by the following : 

2 NaOX = O 2 4- 2 NaX. (8) 

This is catalyzed by the presence of oxides of cobalt, nickel, copper, 
iron, etc., and by platinum black. Cobalt oxide is an especially 
active catalyst for this reaction, and causes (8) to go so rapidly 
that no chlorate is formed.* 

Perchlorate cannot be formed by the further action of chlorine 
on chlorate, but is produced by the decomposition of chlorate, as 
will be explained below. 

The Electrolysis of Alkali Halides on Smooth Platinum Electrodes 
without a Diaphragm, — If a concentrated neutral solution of 
alkali chloride is electrolyzed between smooth platinum electrodes, 

» Foerster, Z. Elektroch. 23, 137 ( 1917 ). 

• Foerster and Jorre, J. f. prakt. Ch. 69, 53 ( 1899 ) ; Foerster, ibid., 63, 141 
( 1901 ). 
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the alkali is deposited on the cathode and reacts with the water 
according to the equation : 

2 Na + 2 HoO = 2 NaOH + Ho. (9) 

The hydrogen produced escapes, unless it is used up in reducing 
some substance in the solution. On the anode, chlorine is liberated 
from the ionic form to free chlorine, as follows : 

2 Cl- + 2 F = Clo. (10) 

The liberated chlorine partly dissolves in the water and at first 
partially escapes from the solution. Soon, however, the alkali 
hydrate produced at the cathode and the dissolved chlorine are 
brought together by the stirring produced by the escaping hydro- 
gen, and after this no more chlorine escafX'S from the solution. 
Chlorine and alkali hydrate are produced in equivalent quantities, 
so that the equation (4), 

Cb -f 2 NaOH = NaCl + NaOCl -h H 2 O, 

is practically quantitative. It is evident that only 50 percent of 
the chlorine liberated is obtained in the form of hypochlorite, 
but this chlorine is equivalent to twice as much free chlorine 
because of the reaction : 

HCl + HOCl = HoO + Cb. (11) 

A solution containing one formula weight of hypochlorite contains 
therefore 70 g. of active chlorine. As the electrolysis proceeds, the 
hypochlorite becomes more and more concentrated, until finally a 
limiting concentration is reached, whose value is determined by a 
number of factors, such as the material of the anode, the current 
densities on the anode and cathode, the temperature, and the 



T10N8 or Sodium Hypochlorite and op Sodium Chloride 
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original concentration of the chloride solution. This is due to the 
fact that the hypochlorite, almost from the start, is also decom- 
posed by the current, and this decomposition increases as the 
concentration of the hypochlorite increases, until the amount 
decomposed is just equal to the amount produced. This de- 
composition takes place in two ways ; at the cathode the hypo- 
chlorite is reduced by the hydrogen as follows ; 

NaOCl -f H 2 = H 2 O -h NaCl, (12) 

and at the anode the hypochlorite ion is liberated, since it is more 
easily discharged than the chlorine ion,^ as shown in Figure 76, 
and reacts with the water, producing chlorate and oxygen according 
to the following reaction : ^ 

6 F + 6 CIO- + 3 H2O - 2 CIO3- + 4 Cl- -b 0 11+ + 1 J O2. (13) 


Hvpp<ihlorui -Oryge 


Time in Httura 

Fig. 77. — Electrolytic Production of Sodium Hypochlorite in Neutral, 
5.1-Normal Sodium Chloride Solutions Containing 0.2 Percent of 
Potassium Chromate. Full Lines: Platinized Platinum Anodes; Dot- 
ted Lines; Smooth Platinum Anodes 

* Foerster and Mueller, Z. f. Elektroch. 8, 634 (1902). 

* Foerster and Mueller, Z. f. Elektroch. 8 , 667 (1902). 
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This has been called the anode chlorate formation, since it takes 
place only on the anode and not throughout the solution. 

The graphs in Figure 77 show the course of the electrolysis of 
220 cc. of a 5.1-n solution of sodium chloride containing 0.2 percent 
of potassium chromate. The electrolysis was carried out with 
2 amp. (anodic current density, G.7 amp./sq. dm.) at 12° to 
13° (1^ These show that at first only hypochlorite is produced, and 
that the production of hypochlorite decreases as the oxygen evo- 
lution begins. Finally the chlorate reaches a constant concentra- 
tion, after which only chlorate is formed. The yield on platinized 
platinum is higher than on smooth, i)ecause chlorine is liberated 
on platinized platinum at about 0.0 volt lower (dectrode potential 
than on smooth platinum, so that there is less hypochlorite dis- 
charged and consequently a better yield. Reduction is completely 
prevented by the potassium chromate, and the only loss in hypo- 
chlorite is due to its change to chlorate by reaction (13). It is to 
be noticed that when all the hypochlorite formed by (4) is decom- 
posed by (13) the current efficiency of producing chlorate oxygen 
is 66f percent, since while 12 equivalents of ehlorate oxygen are 
produced 0 equivalents escape into the air. This is also shown by 
the curves. This is therefore not the best way to make chlorate ; 
but the solution should be slightly acid so that chlorate will form 
by (5)2 without further electrolysis. An alkali bicarbonate or 
acid potassium fluoride (KHF 2 ) may l)e used for this purpose. If 
it were not for the addition of the potassium chromate, the current 
efficiency would Ije much l)elow OOf percent, on account of the 
reduction of hypochlorite.^ 

The principal factors that affect the current efficiency and the 
maximum concentration in the electrolytic production of hypo- 
chlorite are : 

(1) the temperature, (2) the concentration, (3) the alkalinity, 
(4) the kind of electrode, (5) the current density, and (6) whether 
or not the solution is stirred. 

As the temperature increases, the maximum concentration of 
hypochloride decreases, since an increase in temperature causes 
the equilibrium (2) to be displaced in favor of HOCl, so that the 

* Foerster, Elektrochemie wdsiteriger Lbsungen, p. 672 (1922). 

* Foerster and Mueller, Z. Elektroch. 8, 12 (1902) ; 10, 731 (1904). 

»The effect of chromate was discovered by Imhoff, Germ. Pat. 110,506 
(1898) ; the mechanism was explained by Mueller, as consisting in the forma- 
tion of a thin diaphragm of an oxide of chromium. Z. Elektroch, 6, 469 (1899) ; 
7 , 398 (1900); 8 , 909 (1902). 
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hypochlorite anion’s concentration is increased at the anode, and 
it is therefore dischar^ijed as rapidly as formed at an earlier stage 



Fig. 78. — Effect of Alkalinity on 
Electkolytic Phoduction op So- 
dium llYPOClILOUnE. SOH'TIONH 
Contained 200 G./L. op Sodium 
C’HLoniDE. Duhation of Electroly- 
ses: 1 Hu. Anode ('ukuent Den- 
sity : 4 Amp /Sq. Dm. 


in the electrolysis. The higher 
the concentration the greater 
the maximum concentration of 
hypochlorite, and the greater 
th(‘ current efficiency for a given 
concentration of hypoclilorite. 
The best results for hypochlo- 
rite are obtained in neutral so- 
lutions for, if acid, chlorate is 
formed by reaction (5) and in 
alkaline solutions the maximum 
concentration of hypochlorite 
decreases with increase in alka- 
linity as shown in Figure 
78.' 

A neutral solution may be- 
come acid due to the carbonic 
acid absorbed from the air, 
which reacts as follows : 


NaOCn + CO2 = NaHCOa + HOCl. (14) 

The maximum concentration of hypochlorite in alkaline solution is 
increased by rise in temix'rature as shown in Figure 79 in place 
of being decreased as in neutral 
solutions, because at higher t(‘m- 
peratures the chemical polari- 
zation for the discharge of 
oxygen is lowered and relatively 
less hypochlorite anions arc dis- 
charged and consequently less 
chlorate is formed. 

On graphite electrodes the 
results of chloride electrolysis 
are somewhat different from 


B 
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those on platinum because 
graphite is porous and eh'ctroly- 
sis takes place partly in the 
pores where the solution be- 
comes more dilute than in the 


Fio. 79. — Effect of Temperature 
ON Electrolytic Production of 
Sodium Hypochlorite in Alkaline 
Solutions Containino 200 G./L. of 
Sodium Chloride and 40 G./L. op 
Sodium Hydrate. Anode Current 
Density: 4.5 Amp./Sq. Dm. 


' Mueller, Z. Elektroch. 6, 20 (1899) ; Z. anorg. Ch. 22, 72 (1900) ; Foerster 
and Mueller, Z. Elektroch. 9, 205 (1903). 
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body of the solution. These electrodes, therefore, produce the 
same effects as though the solution were more dilute. If the 
solution becomes so dilute that oxygen is liberated, this forms 
carbonic acid to some extent and gives the solution a slight acidity, 
which changes the hypochlorite to chlorate.^ 

A high current density at the anode gives less opportunity for 
the discharge of hypochlorite anions and therefore improves the 
current efficiency for hypochlorite. In the same way a high 
cathode current density lessens reduction when it is not prevented 
entirely by chromate. Stirring is harmful to the yield of hypo- 
chlorite^ because it brings hypochlorite in contact with the anode 
where it can be discharged. An undisturbed diffusion layer 
should be allowed to foim at the anode, to obtain the best yield. 

Taking the decomposition voltage of 4-n sodium chloride as 
2.2 volts on platinized platinum and 100 percent current efficiency, 
the maximum energy yield in active chlorine in hypochlorite is 14.5 
kg./kw.-day. On smooth platinum the decomposition voltage 
would be about 0.5 volt higher. A solution containing 18 g. active 
chlorine per liter can be made with 85 percent of the above effi- 
ciency with platinized platinum from 5-n sodium chloride, at 11.5 
amp./sq. dm., while with smooth platinum 15 g./l. are produced 
with 46 percent of this efficiency.^ 

The maximum concentration of hypochlorite increases steadily 
with the anode current density. At 1430 amp./sq. dm., 88 g. of 
active chlorine per liter can be made, but with very poor energy 
efficiency. The current efficiency, of course, depends on the con- 
centration of hypochlorite. 

If chlorate is made in a slightly acid solution at a high tem- 
perature the concentration of hypochlorite remains at a low value, 
the loss of oxygen due to its discharge is also low, and the current 
efficiency may be 85 percent or more. The following data are 
easily calculated : 

KClOi NaClOi 

Grams per amp.-hr. at 100 percent current efficiency . 0.764 0.664 

Kg./kw.-day at 85 percent current efficiency and 4..5 volts 

per cell 3*46 3.08 

The production of perchlorate ^ takes place with the best current 

» Sproesser, Z. Elektroch. 7, 971, 987, 1012, 1027, 1071, 1083 (1901). 

* Prausnitz, Z. Elektroch. 18 , 1025 (1912). 

’ Foerster, Elektrocheinie wdaseriger Ijomngen, p. 691 (1922). 

< Halx^r and Grinberg, Z. anorg. Ch. 16 , 225 (1897) ; Focrater, Z. Elektroch. 
4 , 386 (1898) ; Winteler, ibid., 6 , 49 and 217 (1899) ; 7, 6.35 (1901) ; Oechsli, 
ibid., 9, 807 (1903); Blau and Weigand, ibid., 27, 1 (1921). 
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efficiency at high current density, at low temperature, and high 
anode potential, consequently smooth platinum anodes should be 
used. Alkalinity is harmful but the concentration of chlorate is 
of little importance.* 

The effects of temperature and current density arc shown in 
Figure 80. From this it is evident that the bad effect of high 
temperature can be offset to a large extent by increasing the current 
density. Thus J. G. Williams^ has shown that by using 45 to 
50 amp./sq. dm., and 600 to 700 g./l. of sodium chlorate a current 
efficiency of 85 percent is obtained at 60° C. and the energy effi- 
ciency is 7 kg./kw.-day at 41.5° (>., 8 kg./kw. day at 60° C. 

The disadvantage of the high temperature is that not all of the 
chlorate can lx> changed to perchlorate as can be done at low tem- 
perature, and there is some reduction to chloride. 



Fio. 80. — Effects of Temperature and Current Density 
ON THE Production of Perchlorate 


^Winteler, Z. Elektroch. 7, 035 (1901). 

*Tr. Faraday Soc. 16, 134 (1920); Engineering, 108, 827 (1919). Also 
Knibbs, Tr. Faraday Soc. 16, 430 (Ifl^). 
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Platinum or platinum-iridium are the only anode materials that 
can be used for making perchlorate. Graphite would be rapidly 
oxidized and magnetite has not a high enough overvoltage to pro- 
duce chlorate.^ The oxygen overvoltage of magnetite anodes in 
normal sodium chlorate is from 0.4 to O.G volt lower than on 
smooth platinum. 

The production of perchlorates does not take place until prac- 
tically all chloride is removed, because of the greater electrode 
potential difference required for the discharge of the chlorate ion. 
A very concentrated solution of chloric acid is thus formed at the 
anode which decomposes of itself into ]^rchlorate. The chemical 
decomposition of chloric acid is as follows : 

2 HClOa = HCIO4 + HCIO2, (15) 

HCIO3 + HCIO2 = H^O + 2 CIO2, 

and the corresponding electrolytic reactions are : 

2 CIO3- + H 2 O + 2 F = HCIO4 + HCIO2 + 0, (16) 

HCIO2 + 0 = nciOa. 

It is also possible that at the high electrode potential of smooth 
platinum electrolytic oxygen can oxidize chlorate directly to 
perchlorate.'-^ 

Another suggestion is that perchlorate is formed as follows 

2 CIO3- + 0 = CI2O7— , 

CI 2 O 7 + H 2 O = 2HC1()4. (17) 

The oxidation of hydrochloric acid to perchloric acid takes 
place in the presence of hydrochloric acid,‘‘ thus differing from 
chlorides of the alkali metals, which are not oxidized to perchlorates 
in the presence of chloride. A 0.5-n hydrocliloric acid solution is 
electrolyzed with platinum anodes at 18° C. and an anodic current 
density of 16 amp./sq. dm, and 8 volts. The electrolytic cell is 
of silver and also forms the cathode. The volume of the cell was 
about 2.9 1., and the electrolyte circulated at the rate of 2.5 to 
3 l./hr. 

The following results were obtained : 

1 Howard, Tr. Am. Electroch. Soc. 43 , 51 (1923). 

* Bennett and Mack, Tr. Am. Electroch. Soe. 29 , 323 (1916). 

* Campbell, Doctor’s thesis. Mass. Inst, of Tech. (1921). 

* Goodwin and Walker, Tr. Am. Electroch. Soc. 40, 157 (1921). 
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Concentrations in Normality 



Initial HCl 

Final IICl 

Fin \l HClOi 

Final HClO^ 

First passage through cell 

i 0.5 

0.0179 

0.0255 

0.0738 

Second passage through cell 

0.5 

0.0171 

0.0089 

0.2015 

Third passage through cell 

0.5 

0.01117 

0.0078 

0.286 


This process has a low efficiency both as to material and power, 
as only 10 percent of the acid is oxidized to perchlorate, 75 percent 
of the chlorine is evolved as j^as, and the eni^r^y yield is about 0.92 
kg. of 60-percent acid pi'r kilowatt-day. The concentration of 
hydrochloric acid cannot be made higher at the start because the 
current efficiency would be even lower. The perchloric acid is 
concentrated to 60-percent by evaporation and is then distilled. A 
few hundred pounds a year is made in this way for analytical 
purposed by the (huiesee Chemical C'o., Batavia, New York. 

Graphs similar to those for chloride electrolysis arc found for 
bromide ^ and for iodide electrolysis. The principal points of 
difference from the ('lectrolysis of chlorides are that a more con- 
centrated hypobromite solution can be made than of hypochlorite, 
and bromate is made by the direct oxidation of hypobromite: 

BrO- + 20 = BvOf-y and by 3 NaBrO = NaBrOg + 2 NaBr, 

but not by the discluirge of the hypobromite anion. Only very 
dilute hypoioditc solutions can be made, on account of its rapid 
purely chemical change to iodate. 

Perbromates are unknown. Periodate can be made by electro- 
lyzing iodate in alkaline solution in the presence of chromate, with 
the change of all iodate to periodate. If a diaphragm or chromate 
is not used, iodate is reduced to iodide, and the iodide is oxidized 
at the anode, so that the amount of iodide and iodate in solution 
reaches a constant value.® This solution is unique in that elec- 
trolysis takes place with unattackable electrodes without gas 
evolution. In neutral or acid solution a good yield of periodate 
can be obtained with lead dioxide anodes. 

The analysis of the gas coming from a cell in which an alkali 

1 Pauli, Z. Elektroch. 3, 474 (1807); Krctzschraar, ibid, 10, 789 (1904); 
Foerster and Yamazaki, ibid., 16, 321 (1910). 

^ Foerster and Oyr, Z. Elektroch. 9, 215 (1903) ; Herrschel, Dissertation, 
Leipzig (1912); Foerster, Z. Elektroch. 22, 89 (1916). 

» Mueller, Z. Elektroch., 7, 509 (1901); 10, 49 (1904). 
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halide is electrolyzed has been used extensively to follow the 
reactions taking place in the cell. This is illustrated by the follow- 
ing example.^ 

The cell containing the cliloride solution was connected in series 
with a water coulometer. During a given time, at the beginning 
of the electrolysis, 60 cubic centimeters of gas were evolved from 
the coulometer and 32 cubic centimeters from the chloride solution. 
In the coulometer, 40 cubic centimeters of the gas must have been 
hydrogen. By analysis it was found that the gas from the chloride 
solution had the following composition : 30 cubic centimeters 
of hydrogen, 1.6 of oxygen, and 0.4 of chlorine. This shows a 
difference in the amount of hydrogen in the two cells of 10 cubic 
centimeters. This amount must therefore hav(‘ Ix'cn used to 
reduce the hypochlorite already formed. Since 40 cubic centi- 
meters of hydrogen represents the total current, or 100 percent, 
the loss of current due to reduction was 100 X = 25 percent. 

0.4 

The loss due to the evolution of chloriiu' equals 100 X -jr, or 1 

4U 

percent. The 1.6 cubic centimeters of oxygen are equivalent to 
twice as much hydrogen, or 3.2 cubic centimeters. Th(‘ loss of 
current by changing hypochlorite to chlorate was therefore 
3 2 

100 X — = 8 percent. The current used to produce hypochlo- 
40 

rite is proportional to the amount of hydrogen evolved from the 
chloride solution, diminished by the quantity of chlorine evolved, 
and twice the amount of oxygen : 30 — (3.2 + 0.4) = 26.4 cubic 
centimeters. The current yield is therefore 1(X) X = 66 per- 
cent. This, of course, means that 66 percent of the current pro- 
duces hypochlorite according to equation (4) : 

CI 2 + 2 NaOH = NaCl + NaOCl + H 2 O. 

The rest of the current destroys hypochlorite already produced, 
or produces chlorine which escapes from the cell. Chlorine is 
evolved, however, only at the very b(‘ginning of the electrolysis, 
before the hydrate and chlorine have had time to mix. The 
following table sums up the results of this calculation : 

Percent 


Current used to produce hypochlorite 66 

Current used to reduce hypochlorite 25 

Current loss by changing hypochloriUi to chlorate 8 

Current loss due to evolution of chlorine 1 


100 

> F. Oettel, Z. f. Elektroch. 1 , 354 (1894). 
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The Electrolysis of Alkali Chlorides for Producing Alkali and 
Chlorine. — If the object in electrolyzing an alkali chloride is to 
produce an alkali hydrate and chlorine, the anode and cathode 
must be separated in order to prevent the hydrate and chlorine 
from mixing. There are four ways in which the separation of the 
hydrate and chlorine is effected. These are: (1) by the use of 
a diaphragm; ( 2 ) by inclosing the anode in an inverted, non- 
conducting belljar with the cathode outside ; (3) by charging a 
mercury cathode with sodium in an electrolytic cell and decom- 
posing the sodium amalgam with water in another vessel; and 
(4) by a mercury diaphragm, which acts as an intermediate elec- 
trode. 

( 1 ) Since electrolytic conduction takes place through a dia- 
phragm, it is evident that the separation in this case will not be 
perfect, for the diaphragm prevents only mechanical mixing. The 
hydroxyl ions will migrate through the diaphragm and react 
with the chlorine in the same way as described above. The 
hydroxyl ions also pass through the diaphragm by ordinary diffu- 
sion. Electro-osmosis, on the other hand, drives the liquid through 
the diaphragm from the anode to the cathode, and therefore 
opposes the diffusion and migration of the hydroxyl ions.^ 

Current Efficiency in Hydrate. — If diffusion and osmosis just 
balance each other, the yield in hydrate can be calculated as 
follows.^ Before sodium hydroxid(‘ apyx'ars at the diaphragm, 
the sodium chloride transports all of the electricity, but when the 
hydrate is mixed with the chloride, the hydrate will also take part 
in carrying the current through the diaphragm. If the fraction 
of the current carried by the hydrate is x, that carried by the chlo- 
ride will be 1 — X, and x and 1 — x must be proportional to the 
conductivities of the hydrate and of the chloride in the solution. 
If Li is the conductivity of the chloride and that of the hydrate, 
this is expressed by the equation : 

I — X _ E\ ^ Ci7i X^oc 


in which Ci and C 2 are the concentrations in mols per liter, 71 and 
72 are the dissociations, and X'oc and X"ac are the conductivities 
at infinite dilution, of the chloride and hydrate respectively. For 

potassium chloride and potassium hydrate, - 0.545, and for 

X oc 


^ Foerster and Jorre, Z. f. anorg. Ch. 23, 158 (1899). 
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sodium chloride and sodium hydrate, the value of this fraction is 
0.502. For potassium chloride and potassium hydrate, equation 
(18) becomes 


or 



0.545 


C272’ 


1 


1 + 0.545 

C272 


(19) 


and for sodium hydrate and sodium chloride, 


X 


n 




1 + 0.502 


( 20 ) 


Now if all of the current were carried by the hydrate, and if n were 
its transference numb(T, n ecpiivalents of hydrate would pass out 
of the cathode compartment through the diaphragm in the same 
time that one ecjuivalent is produced. In this case the yield in 
hydrate would be 


A = 100 (1 — n) pt'rcent. 

The hydrate carries only a fraction of the current, however, equal 
to X. The yield is therefore 

A - 100 (1 — 7ix) percent. 


The transference number, n, for potassium hydrate is 0.74, and for 
sodium hydrate it is 0.83. Sul)stituting the values for x in equa- 
tions (19) and (20), and the values for n just given, for potassium, 


Ak = 100 


0.74 


1+0.545 


Ci7i 

C272 


( 21 ) 


and for sodium, 


= 100 


1 - 


0.83 


1 + 0.502 


Ci7i 

C272 


( 22 ) 


It is evident from these equations that, as the hydrate becomes 
more concentrated, the fraction in the parenthesis l^ecomes greater, 
which reduces the value of A, Table 38 shows how the yield 
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decreases as the concentration increases.* The electrolysis was 
carried out with 700 cubic centimeters of a solution containing 
200 grams of potassium chloride per liter in the cathode com- 
partment, and 500 cubic centimeters of the same solution in the 
anode compartment. The electrodes were platinum, and the dia- 
phragm was of Pukall clay. The current density on the diaphragm 
was 1.6 ampere per square centimeter. The yield which was 
being obtained at the end of each period was calculated by formula 
(21) from the values of the concentrations of chloride and hydrate 
existing at the end of the period, assuming that the dissociation 
of the hydrate and chloride arc equal. 


Table 


Time 

Giiamh of 
KOII Piif)- 

DUCK0 

GnAMHCti 
Deposited 
IN Coii- 
I.OMETEH 

Mean Cnn- 
RKNT Yield 

FOK THE 
CORRE- 
BPONDINd 

2 II K. 

Equivalents per Liter 
IN THE Cathode Com- 
partment OF 

Computed 

Current 

Yield, 

Percent 

Chloride 

Hydrate 

lat 2 hr. 

17.78 

11.47 

88.08 

2.382 

0.418 

81.3 

2d 2 hr. 

14.29 

11.71 

69.30 

2.224 

0.754 

70.4 

3d 2 hr. 

13.00 

11.01 

60.50 

2.090 

1.071 

62.6 

4th 2 hr. 

11.11 

11.85 

58.02 

2.066 

1.331 

55.0 


It will be seen from the numerical values in equations (21) and 
(22) that the yield of hydrate with potassium chloride will be better 
than with sodium chloride, at 18°, to which temperature these 
numbers apply. Since, however, all transference numbers ap- 
proach the limit 0.5 as the temperature is raised, these formula? 
indicate that the yield in hydrate would increase with the tempera- 
ture and approach the same value for sodium and potassium 
chlorides. Since a rise in the temperature also increases the 
diffusion, the increase in the yield which would be predicted by 
the formula would be somewhat too large. 

CurrerU Efficiency in Chlorine. — Since the hydroxyl ions that 
migrate to the anode compartment find an excess of chlorine, 
hypochlorous acid will be produced according to the equation; 
Cb + OH- = HOCl + C1-. 

If this proceeded indefinitely, the loss in chlorine would be twice 
the loss in hydrate. On platinum anodes this has been found to 
be true in the fii-st stages of the electrolysis.^ As the hypochlorous 

* Focrater and Jorre, Z. f. anorg. Ch. 23 , 193 (1899). 

• Foerster tind Jorre, l.c . ; Briner, J. Chim. Phya. 6, 398 (1907). 
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acid becomes more concentrated, compared to the chlorine, it will 
be neutralized by the hydroxyl ions coming through the diaphragm, 
forming hypochlorite. This is then immediately oxidized to 
chlorate by the excess of hypochlorous aeid, according to equation 
(5). Consequently, no hypochlorite is found in the anode com- 
partment. 

The process in the anode compartment is essentially the same 
when carbon anodes are substituted for platinum, with the excep- 
tion, of course, that carbon dioxide, as well as oxygen, is produced. 
On magnetite anodes there is more oxygem evolution and less 
chlorate formation than on platinum, since magnetite catalyzes 
the reaction 2 CIO" = 02 + 2 Cl" and decrea.ses the concentration 
of hypochlorite and consequently tlu* anode chlorate formation. 

(2) The principle of the belljar /jrocm* is illustrated in Fig- 
ure 81. The anode is placed in a belljar and the cathode outside. 
The current flows under the lower rim of the belljar from anode 
to cathode. Chlorine is evolved and passes out through the tube 
in the top of the belljar, while hydrate is formed on the cathode. 
The process that takes place in this cell is very similar to that in a 
cell with a diaphragm.^ At first the solution in the anode com- 
partment is divided into three sharply dedined la>'ers, the upper 
one saturated with chlorine, next to this a layer of unchanged 
chloride, and below this a layer containing a large number of 
hydroxyl ions. The hydroxyl ions migrate toward the anode, 
and on coming in contact with an excess of chlorine react in the 
same way as when a diaphragm is used. 

With carbon anodes in the belljar process, a much higher hydrate 
concentration can be obtained 
without destroying the mid- 
dle layer of the neutral solu- 
tion separating the chlorine 
from the hydroxide ; at the 
same time, however, the cur- 
rent yield is less than the 
theoretical. This is due to 
the fact that free oxygen is 
always evolved on carbon 
anodes, producing free hy- 
drochloric acid. The hydro- 
gen ions from this acid mi- 8i, — The Beluab Cell for Eleo 
grate toward the cathode and trolyzinq Sodium Chloride 

* Gustav Adolph, Z. f. Elektroch. 7, 581 (1901). 
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neutralize the hydroxyl ions migrating toward the anode, and 
thus prevent their coming in contact with free chlorine. In con- 
sequence of this, much more highly concentrated solutions of 
hydrate can be produced by the bell jar process with the same 
energy yield than by the diaphragm process.^ 

In actual practice the belljar ])rocess is always carried out with 
a circulating electrolyte. Fresh chloride solution flows into the 
anode compartment, where it must be spread out uniformly over 
the entire area of the belljar so that the neutral layer will not be 
disturbed. 

In the belljar process the losses of chlorine and hydrate are ('qual, 
so that the current yields in chlorine and hydrab' must also bo 
equal. The chlorine dissolved in the anode solution is carried 
through the neutral layer by circulation and is changed to hypo- 
chlorite on coming in contact with the hydroxyl ions below. This 
is reduced on the cathode, producing an ('qual loss in hydrate. The 
loss in chlorine at the anode by the evolution of oxygon also 
produces an equal loss in hydrate, for the hydrochloric acid left 
^behind by the oxygen neutralizes an equivalent amount of 
hydrate. 2 

With a circulating electrolyte a current yield of from 85 to 
94 percent can be obtained, with the concentration of potassium 
hydrate 120 to 130 g./l., and the chlorine 97 to 100 jx^rcent pure, 
using a current density reh'rred to the area of the belljar of 2 
to 4 amp./sq. dm., and from 3.7 to 4.2 volts.'* 

(3) The third method of separating the h ydrate from the chlorine 
consists in depositing the metal in a mercury cathode, which is 
then removed from the cell and treated with water. The sodium 
or potassium reacts with the water, forming the hydrate, and the 
mercury is returned to the cell to be used over again. The losses 
in this process are due to the recombination of chlorine dissolved 
in the solution with the alkali metal in the amalgam, and to the 
reaction of the alkali metal with the water before leaving the 
electrolyzing cell. The former loss may amount to 100 ]X‘rcent 
under some circumstances, while the loss due to the decomposition 
of water is small. In order to reduce the recombination of the 
chloride and the alkali metal, the current density on the cathode 
should be high and also the concentration of the amalgam. Strange 
as it may seem, the potassium amalgam is more resistant to 

* Adolph, I.C., p. 589. 

* Otto Steiner, Z. f. Elektroch. 10, 320 (1904). 

» Z. f. Elektroch. 10, 330 (1904). 
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chlorine, the more concentrated it is. For example, increasing 
the concentration of the amalgam from 0.012 percent to 0.06 per- 
cent increased the yield in comparable exix'riments from zero to 
90 percent. A current deasily of 10 amp./.sq. dm. gave an 88 
jx'rcent current yield. Since the principal loss is due to a recom- 
bination of the chlorine and the alkali metal, the yield will Ixi the 
same for both alkali and chlorine. If the amalgam is covered with 
a diaphragm to protect it from the chlorine, current yields of 98 
percent can be obtained.^ 

(4) The fourth method of separating the hydrate from the 
chlorine consists in using mercury as jin intermediate electrode. 


The principle of this process is 
illustrated in Figure 82. The 
electrolytic cell is seen to con- 
vsist of three compartments; the 
two outt'r are the anode com- 
partments (umtaining the graph- 
ite anodes A A, and the middle 
compartment contains the cath- 
ode C, consisting of an iron grid. 



Fig. H2 — Skction ok (’ahtner- 


The covers of the, anode com- Kellnkk Cem. with Intermediate 
purtmonts have pi^s not sh<nvn 
in the figure, for leading oft the 

chlorine, but the cathode compartment is only loosely covered, 


so that the hydrogen e.scapes in the air. 

The partitions separating the compartments do not quite reach 
to the bottom of the cell, but the o{)ening is closed by a layer of 


mercury covering the bottom of the (*(41. The alkali metal is 
electrolyzed into the mercury in the anode compartment and is 
electrolyzed (jut in the cathode compartment. In the cathode 
compartment the amalgam is the anode, and the alkali metal unites 
with the hydroxyl ions liberated on it and forms hydrate. In 
order to stir up the amalgam so that the alkali metal will get into 
the cathode compartment as soon as po.ssible, the whole cell is 
slowly tilted back and forth, causing the mercury to flow from one 


compartment to the other. 

In this system the current density on the cathode must also be 
at least 10 amp./sq. dm.^ The speed of rocking the cell also 
affects the yield, an increase in the rapidity decreasing the yield. 
One of the difficulties encountered in this process is that if the 


1 F. GIa«er, Z. f. Elektroi^h. 8, .552 (1902). 

* Le Blanc and Cantoni, Z. f. Elektroch. 11, 611 (1905). 
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alkali metal becomes too dilute in the amalgam, the mercury is 
itself oxidized in the anode compartment. To avoid this, a part 
of the current is taken directly from the mercury by a shunted 
circuit in which there is a suitable resistance to make the shunted 
current about one tenth of the total current. A decrease in the 
concentration of the chloride solution reduces the current yield. 
With a 30 percent pota.ssium chloride solution at a temperature 
of 40°, and with a current density of 10 amp./sq. dm., Cantoni 
obtained a current yield in hydrate of 90 percent. 

Technical Cells for Hypochlorite, Chlorate, Hydrate, and Chlo- 
rine. Hypochlorite Cells. — Hypochlorite is produced in less 
quantity than any of the other products of the electrolysis of 
sodium chloride. Though it is said that in 1916 the textile indus- 
try of Germany used ov('r 175 hypochlorite plants,^ in this country 
a solution of bleaching powder is preferred for large-scale work, 
such as bleaching paper pulp. Hypochlorite is used more for 
such purposes as disinfecting and deodorizing utensils, drains, 
and floors in dairies and ice-cream factories, for bleaching in 
laundries, in knitting and cotton mills, in hospitals for making 
Dakin’s solution, and to a limited extent for other purposes. 

Hermite’s cell, patented in 1887, was the first cell to be even 
moderately successful for the electrolytic manufacture of hypo- 
chlorite.^ It consisted of a rectangular box of ceramic with a 
grooved channel around the top for carrying off the solution of 
sodium and magnesium chlorides, which entered at the bottom. 
The cathode consisted of numerous disks of zinc supported on two 
slowly rotating shafts running through the box and separated 
from each other by a partition. The anodes, consisting of thin 
sheets of platinum held on a nonconducting frame, were placed 
between the zinc disks. In practice this cell gives a current yield 
of about 40 percent and an energy yield of 2 kilograms of chlorine 
per kilowatt-day.’ 

An earlier form of cell devised by Kellner had vertical inter- 
mediate electrodes consisting of platinum-iridium wire net, wound 
on glass plates which did not reach to the bottom of the cell. 
These were held in place by grooves in the sides of the glazed 
stoneware vessel. The electrolyte circulates through the cell 
through holes in the bottom and overflows at the top to a vessel 

* Askenaav, Technische Elektrochemie, 2, 99 (1916). 

* W. H. Walker, Electroch. Ind. 1, 440 (1903); Engelhardt, Hypochlorite 
umi Elektrische Bleiche, p. 77 (1903). 

* Engelhardt, l.c. 
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with a cooling coil. The results obtained with tliis cell are : 10 g. 
of active chlorine per liter with a current efficiency of 66 percent 
from a solution containing 10 percent of sodium chloride and a 




little chromate. The cell takes 5.5 volts, corresponding to 4 kg. 
of active chlorine per kw.-day while the salt consumption is 10 
kg. of sodium chloride per kg. of active chlorine.' On account of 
this poor result, due partly to the current passing to a certain 

» Foereter, Chem. Ind. 84 , 374 (1911). 
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extent under the intermediate electrodes in place of through them, 
and to the circulation which prevents the formation of a diffusion 
layer at the anode, this cell is no longer used.^ 

Kellner changed the position of the electrodes from vertical to 
horizontal and to a horizontal circulation of the electrolyte, as 
shown in Figure 8.‘L This is built by Siemens and Ilalske.^ It 
is a shallow concrete cell divided into compartments by glass 
partitions cemented in grooves in the sides and bottom. The 
bottoms of these different compartments arc arranged in terraces, 
so that the electrolyte entering the first compartment will flow as 
shown by the arrows. The (dectrolyte enters and leavers each 
compartment above the (dectrodes so jis not to disturb that in 
immediate contact with the ele(;trodes. The electrodes are 
platinum-iridium wire. The cathode of the first cell is connected 
to the anode of the next under the glass partition marked s. The 
anodes are about 5 mm. below the cathodes, and the two arc 
separated by glass rods. By this arrangement the hypochlorite 
is formed in a layer between the electrodes by the meeting of the 
ascending solution charged with chlorine and the descending 
hydrate, and there is less op|3ortunity for oxidation at the anode 
or reduction at the cathode. Calcium chloride and calcium 
hydrate arc also added to prevent reduction, and Turkey red oil 
to form a diaphragm at the anode to prevent the production of 
chlorate. 

Since this is the most efficient of the hypochlorite cells, its 
performance ^ is fully described in Table 30. 

The latest form of the Schuckert cell made by the Siemens and 
Halske Company contains 9 or IE compartments in a stoneware 
vessel, each compartment containing a platinum anode and two 
graphite cathodes. Connection is made from the cathode of one 
compartment to the anode of the next by clamping the platinum 
sheets A Ix^ tween the graphite plates C as shown in Figure 84, 
thus forming bi-polar or intermediate electrodes. The walls 
dividing the cell into compartments are glass so placed that the 
solution in circulating from one compartment to another must pass 
in a zigzag direction from top to bottom. Cells are built with 

^ Grube, Grundzfige der angewandten Blektrochemie, p. 179 (1922) ; 
Foerster, Elektrochtmie ii'dsfieriger Ldsungen, p. G97 (1922). 

* Germ. Pat. 165,480. 

’ Ebert and Nussbaum, Engehardt Monographs, Vol. 38 , Hypochlorile und 
elektrische Bleiche, p. 128 (1910). In calculating the energy 6 volts per cell 
is assumed. 
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Table 39. The Kellner Hypochlorite Cell 
WITH Horizontal Electuode.s 


CoNc. Acn ivE Cu/L. 
Produced 

Initial Conc. i.n 

G. NaCl per L. 

Hequirementh kor 1 Ko. Active Chlorine 

Kilow att-H<mrs 

Kk NnCl 

15 

100 

5.65 

6.67 


120 

5.46 

8.00 


150 

5.29 

10.00 

20 

100 

6.13 

5.00 


120 

5.S3 

6.00 


150 

5..56 

7..50 

25 

100 

6.72 

4.(X) 


120 

6.27 

4.80 


1.50 

5.S8 

6.tX) 

30 

100 

7.79 

3.33 


120 

6.98 

4.00 


150 

6.38 

5.00 

35 

100 

10.07 

2.86 


120 

8.20 

3.43 


150 

7.14 

4.28 


or without cooling. If cooling is used, the i^oils ar(‘ placed in 
separate compartnieTits. The concentration of salt used is 100 
to 150 g./l. In general the concentration of active chlorine is 
18 g./l. This can he obtained with a solution containing 110 g. 
of sodium chloride per liter and a consumption of 3.2 kw.-days 
and 6.2 kg. of sodium chloride per kilogram of active chlorine.* 



Flo. 84. — Pl\n of Schuckeut Hypochlorite Cell 


The Haas and Oettel cell, made by Haas and Stahl, in Aue, Ger- 
many, has intermediate graphite electrodes lengthened above and 
below by glass plates. The stoneware cell containing the electrodes 
is placed in a vessel also filled with brine. Each compartment in 
the electrolyzer has a hole in the bottom, so that when the current 
is flowing the evolution of hydrogen causes the liquid between the 
electrodes to rise and overflow to the outsid(‘ ves.sel while liquid 
‘ Foerster, Elektrochemie wassenger Loaungen, p. 702 (1922). 
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enters the electrolyzer through the openings in the bottom. The 
outer vessel contains cooling coils. ^ With a solution containing 
150 g./l. of sodium chloride and fresh electrodes 10 to 12 g. of 
active chlorine per liter can be made with a yield of 3.4 to 3.6 kg. 
of active chlorine per kilowatt-day, and a consumption of 14 kg. 
of sodium chloride.^ 

The Electro Chemical Company of Dayton, Ohio, makes 
two types of hypochlorite cells : 



Fio. 86. — Hypochlouitb Cell; The Electro Chemical Company 


(1) Those in which brine enters at the inlet compartment, flows 
up and down over intermediate graphite electrodes, and passes out 
as finished hypochlorite. One of these cells is shown in Figure 85. 
It is made of soapstone and is 25f in. long, 18 in. wide, and Hi in. 
high. The intermediate electrodes are held in grooves cut in the 
walls, and are made of glass and carbon as shown in Figure 86. 
Brine containing 50 lb. of sodium chloride per 100 gal. of water 
(60 g. of sodium chloride per liter of water) passes at the rate of 
50 gal./hr. The current is 70 amp. at 110 volts. The solution 

* Germ. Pat. 130,245. Billiter, Die eleclrochemischen Verfahren der 
chemischen Gross-Industrie, 2 , 363 (1911). 

• Kirchner, Wochenblatt f. Papierfabrikation, 1906, p. 2248. 
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Fiq. 8G. — Showing CoNSTnrcTioN of Cell in Fig. 85 


leaving the cell contains 6 to 7 g. of active chlorinc/1. and has a 
temperature of 43° C. The energy yield is 3.1 kg./kw.-day (3.5 
Ib./kw.-hr.). Cells of very similar construction are made for use 
with only circulation within the cell. In this case there is a space 
between the bottom of the electrodes and the floor of the cell so 
the cell can be drained. 

(2) The other type of cell is placed in a storage tank and circu- 
lation takes place between the storage tank and the electrolyzer, as 
shown in Figures 87 and 88. Either intermediate graphite elec- 
trodes are used, or in some forms the electrodes are connected in 
multiple, giving a low-voltage cell (4.6 volts). The latest form 
contains graphite anodes and metal-grid cathodes, which give 
better efficiency than graphite. The largest size contains 100 
gal. and takes 3000 amp. With a solution containing 50 lb. 
of sodium chloride per 100 gal. of water (60 g./l. of water) this 
cell produces a concentration of 15.2 g./l. of active chlorine 
with a yield of 3.51 kg./kw.-day (3.10 kw,-hr./lb.) when cooled to 
27° C.' 

* Data on these cells were kindly furnished by Mr. E. E. Niswonger, presi- 
dent of the company. 
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Chlorate Cells. — As shown above, chlorate is made in a neutral 
or slightly alkaline solution with not more than 66f jx^rcent current 
efficiency, while if the solution is slightly acid the current efficiency 

may be 90 percent. In this 
country it is customary to use 
neutral solutions, as the pro- 
cess requires less attention than 
the acid process. In the 
French Alps acid solutions 
containing chromate arc said 
to be used.* 

When platinum was not so 
ex]Xinsivo, it was used as 
anodes for chlorate at a cur- 
rent density of 10 to20nmp./sq. 
dm., but at present prices 
Fio. 87. -- L()w Vfji/i’AiJK liYiM>rHi.om graphite anodes and iron 

ca(h(Mles are employed. In 
most cases the platinum has 
l)ecn sold and graphite substituted. A 25 percent potassium 
chloride solution is electrolyzed at 70° to 75° C. until nearly 
saturated with chlorate, when it is drawn off and allowed to cool, 
with crystallization of the chlo- 



('ell; The Fi.ectho ('iiEMicAii ('om- 
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Liquor level 
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rate. The frequency with which 
cells have to lx? emptied can 
be regulated by the current con- 
centration. It is evi(ient that 
if a large volume of electrolyte 
is electrolyzed with a small num- 
lx;r of electrodes, it will not 
become saturated as soon as 
if more electrodes and more 
current are used. The less fre- 
quently the cells have to be 
drained, the less the labor cost 
per pound of chlorate will be. The temperature is also deter- 
mined by the current concentration. If a low current concen- 
tration is desired to save labor cost, it might bo necessary to 
supply heat in addition to that of the current. The cell tempera- 
ture would also depend on the heat conductance of the walls of 
the cells. In designing a cell these details would have to l)e deter- 
* Foerster, Elektrochemie wasseriger L6sungen, p. 705 (1922). 


Circulation Ports 

Fio. 88. *— Showing ^'irculation in 
Cell shown in Fio. 87 
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rained by experiraent. The cell raay consist of any material not 
attacked by chloride or chlorate, such as concrete or iron. 

Perchlorate Cells. — No descriptions of perchlorate cells arc to 
be found in the literature, but they are doubtless as simple as 
chlorate cells. Platinum or platinum-iridium anodes must be ' 
used. They arc also cooled to prevent the tem|X'rature rising ^ 
above 50° or 60° C. As shown above a good current efficiency is 
obtained at this temix'raturc by increasing the current density 
sufficiently. To cool to room temix'raturc would be expensive 
and is probably never done. 

Technical Cells for Alkali Hydrate and Chlorine. — Diaphragm 
Cells. — Among the methods separating chlorine and hydrate pro- 
duced in the electrolysis of alkali chlorides, a porous diaphragm is the 
most extensively used. The main difficulties with dia])hragms are 
that they get stopped up and have to be cleaned or replaced from time 
to time, and they do not give complete separation of the products 
of electrolysis because they do not prevent electrolytic migration ; 
hydroxyl ions migrate into the anode compartment and produce 
chlorate. Only pure chloride is used. Oalcium and magnesium 
arc precipitated as carbonate, and sulfate by barium chloride. 
Iron and alumina must also be absent. Many differc'iit ways have 
been devised of using diaphragms, as will be s(‘en by the descri})- 
tions of the following cells. 

The oldest diaphragm cell is that develoix'd by the Oriesheim- 
Elcktroii Chemical Company. Its present form date's from 1892, ‘ 
and it is still used to a large ext(*nt abroad, for (‘k'ctrolyzing both 
sodium and potassium chlorides. This c(‘ll consists of an iron 
vessel E (Figure 89) heat insulated by infusorial earth, /. It is 
4.8 m. long, 3.3 m. wide, and 1 rn. deep (15.7 by lO.S by 3.3 ft.), 
and contains about 4.8 cb. m. of solution (1270 gal.), excluding the 
anode solution and the volume of the heating i)iix*s. This tank 
contains 12 anode compartments consisting of Portland cement 
diaphragms made on an iron frame according to the method of 
German patent No. 34,888. This method consists in mixing 
cement with a solution of sodium chloride and hydrochloric acid, 
and allowing to harden six weeks, after which they are soaked in 
water for 4 to 6 weeks to dissolve the salt, leaving a porous dia- 
phragm. The anode compartments inclosed by these diaphragms 
are 1.1 m. long, 0.75 rn. wide, and 1 m. high (3.6 by 2.5 by 3.3ft.). 
Each has a cement lid in which 6 carbon (or a larger numlxr of 
magnetite) anodes A are held, as well as the perforated vessel 
* Askenasy, EinfUhrung in die technmche Elekhochemie , 2 , 180 ( 1910 ). 
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T for containing solid chloride. The iron shoots K and the con- 
taining vessel itself act as cathodes. The cathode compartment 
is also covered with a lid containing an exit pif)e for hydrogen and 
a funnel F for filling with chloride solution. // is a heating pipe 
through which exhaust steam is passed. All anodes of the 12^ 
anode compartments are connected in parallel. The temperature 
is 80° C., the anode current density 2 amp./sq. dm. and the total 
current 2500 amp. at 3.6 volts. Magnetite anodes require 0.4 
volt more. The cathode compartment contains initially 2.7-n 
chloride and electrolysis continues until the alkalinity is 1.1 to 
1.2-n, when it is drawn off. The current efficiency is 80 to 84 per- 
cent. 

In cells such as the one just descrihed hytlroxyl ions migrate 
into the anode compartment and cause a loss in hydrate and 
chlorine. This can be prevented by causing the electrolyte to 
flow through the diaphragm toward the cathode, and a number 
of cells have been devised in which this is done. The character- 
istic feature of all of these cells is that the cathode is not immersed 
in the ele(!trolyte, but is only wed ted by what percolates through 



Fia. 90. — Section of Harokbavks-Bird Alkau-Chlorinr Ofcix 
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the diaphragm. One of the earliest of these cells is the Har- 
greaves-Bird cell. 

This consists of a cast-iron box 10 feet in length, 14 inches in 
width, and 5 feet in height.^ It is divided into three compartments 
by two cement-asbestos diaphragms made on heavy copper gauze, 
which forms the cathode. The space loetween the diaphragms 
is the anode compartment, through which brine circulates. There 
is no liquid in the cathode compartment except what percolates 
through the diaphragm. Steam and carbonic gas are blown 
through the two outer compartments and change the hydrate 
formed on the outside of the diaphragm to sodium carbonate. 
This cell takes 2000 amperes at from 4 to 4.5 volts. The anode is 
a row of gas carbons, which last .‘10 to 40 days. The diaphragms 
last about the same length of time. 

The Hargreaves-Bird cell is shown in Figure 90, which is a partial 
longitudinal section and side (devation, and in Figure 91, which is 
a section perpendicular to the length.^ The outside frame I 
is of iron lined with cement and bricks rn, which are saturated with 
tar to prevent leakage. The space / is the anode compartment 
through which the chloride solution circulates, entering through 
the pipe g and leaving through li. The diaphragms may be made of 
asbestos paper, the pores of which have been filled with hydrated 
silicate of lime or magnesia.'* In the cathode chamber a number 
of copper strips b are placed, imbedded in cement e, extending 
from the cover plate c to the cathode d, and inclined downward. 
These direct the condensed vapor against the cathode to wash 
away the alkali as it is formed. The lower edges of the strips have 
openings, in order to allow the steam and gas to pass fi'ccly over 
the cathode, a', a' arc the injectors for supplying carbonic 
acid gas and steam to the cathode c.hamliers. are pipes for 

draining the cathode chambers. The chlorine passes from the 
anode chamlx'rs to the towers, where it is absorbed by milk of 
lime. 

The West Virginia Pulp and Paper Company, Mechanicsville, 
New York, use this cell for making their bleaching solutions.'* 
This plant consists of two rows of 14 cells each, all connected in 
series. At 85° C. this cell gives a solution containing 15 percent 

^ L. Rostosky, Z. f. Elektroch. 11 , 21 (1905) ; Electrochem. and Met. Ind. 
8 , 350 (1905). * 

> U. S. Pat. 655,343 (1900). 

»U. S. Pat. 696,1.57 (1897). 

‘ Electrochem. and Met. Ind 6, 227 (1908). 
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sodium carbonate and 97 to 98 percent 
chlorine with a current efficiency of 92 
percent at a current density of 2.8 
amp./sq. dm. and 4.2 volts per cell. 

The Townsend cell is represented in 
cross section in Figure 92, and in per- 
spective in Figure 93.^ The anode space 
is inclosed between a lid C, two vertical 
diaphragms D, and a non-conducting 
body H. Graphite anodes pass through 
the lid on the cell. The perfoiated iron 
cathode plates S are in close contact 
with the diaphragms. These plates ar(‘ 
fastened to two iron sides /, which form 
the cathode compartment. The anode 
compartment is filled with brine T, and 
the cathode compartment with kerosene 
oil K. The 
brine percolates 
through the 
diaphragm, 
and, when the 
current is 

turned on, it contains hydrate. The 
aqueous solution, on passing the dia- 
phragm, comes in contact with the kero- 
sene and forms drops which fall to the 
bottom of the compartment, are collected 
in the pocket A, and are drained off 
through P. The electrolyte is in this 
way removed from the cathode sooner 
than if allowed to flow down the cathode 
as in the Hargreaves-Bird cell. The so- 
lution leaving P contains 150 grams of 
sodium hydrate and 213 grams of salt 
per liter. The salt is separated by evap- 
oration and is used over again. The « 
percolation is from 15 to 30 liters an ^ 
hour for a 2500-ampere cell and counter- 
acts diffusion nearly completely.^ 



Townsend Alkali-Chlo- 
rine Cell 



Fi({ 1)1 — Section of Hah- 
(shkaveh-Bibd Alkali- 
Chi oiUNE Cell 


’ Eleetrochem. and Met. Ind. 6, 209 (1907). 

* Baekeland, Eleetrochem. and Met. Ind. 7, 314 (1909). 
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The Townsend cell is 8 feet in length, 3 feet in depth, and 1 foot 
in width, and consists of a ll-shaped concrete body against which 
the two iron side plates are clamped. A rubber gasket is placed 
between the concrete and the iron to make a tight joint. Brine 
circulates through the anode compartment, and during its passage 
the specific gravity falls from 1.2 to 1.18. On leaving the cell it is 

resaturated and is 
then ready to be 
passed through 
again. There is a 
loss in kerosene 
which amounts in 
cost to about two 
dollars a day for a 
large plant. 

The diaphragms of 
the Townsend cell 
consist of a woven 
sheet of asbestos 
cloth, the pores of 
which are filled with 
a mixture of iron 
oxide, asbestos fiber, 
and colloid iron 
hydroxide. This 
mixture is applied 
with a brush like 
ordinary paint. Dia- 
phragms may be 
renovated by scrubbing and washing the surface with water, 
allowing to dry, and repainting with this mixture. This operation 
is not necessary more than once in five weeks, and sometimes not 
for several months. 

The current efficiency of the Townsend cell is as high as 96 
or 97 percent under ordinary conditions, with a current density 
on the anode of 15.5 amp./sq. dm. (144 amp./sq. ft.) and about 
4 volts on each cell.* This cell has been in use at Niagara Falls 
in the plant of the Development and Funding Company since 1906. 
This plant originally consumed 1000 kilowatts, and according to 
latest accounts it was being increased to four times this capacity. 

* For laboratory tests on the efficiency of this cell, see Richardson and 
Patterson, Trans. Am. Electrochem. Soc. i?, 311 (1910). 



Fio. 93. — Townsend Alkah-Ciilokinb Cell 
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Pio. 94. — Aia^N-MooBJs Ai-kali-Chix>kin* Cbul. 
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The chlorine produced contains 2 percent carbon dioxide. 
The more recent Townsend cells are said to be built for 5000 amp.^ 
The Allen-Moore celP also has vertical diaphragms, through 
which the electrolyte percolates to an iron cathode supporting 
the diaphragm. It was first installed in Wilmington, Del., in 
1912. As shown in Figure 94 it consists of a rectangular frame of 
reenforced concrete, formed by a base, ends, and a chamber at the 
top. The diaphragms and perforated iron cathodes are clamped 
against this frame closing the o|xuiings in the sides. The space 
between the diaphragms is the anode compartment. Graphite 
anodes pass through the top of the cell and are about i inch from 
the diaphragms. These are made of asbestos and last 3 months. 
Recently in pulp and paper mills paper pulp has been used for dia- 
phragms. These are j inch thick and last about ten days. Brine 
is admitted to the anode compartment through a hard rubber 
float valve which controls its level in the anode compartment, 
passes through the diaphragm, and is partly charged into hydrate 
at the cathode. This solution, containing 12 percent salt and 8 to 
10 percent caustic soda, flows into the channel trough of the steel 
frame cathode box. 

The following average values were found in long tests at differ- 
ent plants : 

Current, 1344 amp., voltage S.rj.'S, current efliciency 9.5 percent, energy 
efficiency, assuming the dccoiii|K)sition voltage of sodium chloride is 2.3 
volts, 61.7 percent. 

The chlorine is entirely free from hydrogen, and contains only air 
and small amounts of carbon dioxide. The current can be in- 
creased to 1900 amp. at 4.5 volts, with 91 percent current efficiency. 
This cell is now made in the following sizes : 

1000 Ampeke l.'iOO Ampere 2000 Ampere 


length 5 ft. 5^ in. 5 ft. 64 in. 8 ft. 1 in. 

Width ■ • 13 in. 14 in. 14 in. 

Height 384 in. 444 in. 444 in. 

Approximate weight of cell 

set up ready for operation 1000 lb. 1200 lb. 1800 lb. 


The Marsh cell ^ is similar to the Allen-Moore cell as regards 
the way the diaphragms are placed, ^ts chief feature is the close- 

^ Foerster, Elcktrocheniic wdsseriger Ldmngen, p. 740 (1922). 

•Mitchell, Chem. Met. Eng. 21 , 370 (1919). This cell is made by the 
Electron Chemical Company, Portland, Me. 

•C. W. Marsh, Tr. Am. Electroch. Soc. 39 , 507 (1921); U. S. Pat. 
1,302,824 (1919). 
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ness with which the anode and cathode are broiij^ht together for 
saving power and floor space, as shown in Figure 95. The 
anodes consist of graphite rods 4.4 cm. in diameter (1.75 in.) 
and 60 cm. long (24 in.) placed horizontally one above the other 
with spaces between and pinned to a n'ctangular piece of graphite 
which conducts the current to the rods and acts jis a support. 
These anodes last two years. The cathode consists of p(Tf orated 
sheet steel corrugated horizontally to conform to the graphite rods. 
Asbestos paper diaphragms are laid on th(' cathodes conforming 



to the corrugations. They last six months. ih('S(’ cells are 
built in different sizes to take from 50 to 5(XJ0 amp. at 4.8 volts. 
The current efficiency is 90 [XTcent and the energy efficiency from 
65 to 73 percent. These cells arc all 13 in. wide and ft. high 
with variable lengths according to the capacity desired. A 625- 
ampere cell is 2 ft. 7 in. long, a 3750-ampere cell is 12 ft. 10 in. 
long. 

The Nelson celV Figure 96, consists of a rectangular steel 
tank made of i-inch steel plate, in which is mounted a U-shaped 

‘ Carrier, Tr. Am. Electroch. Soc. 36, 239 (1919) ; The Warner Chemical 
Company, New York. 


308 THEORETICAL AND APPLIED ELECTROCHEMISTRY 


cathode p\ate ot perforated sheet steel closed at the ends by blocte 
of cement mortar. The inner part of this cathode plate is lined 
with an asbestos diaphnigin and forms the anode compartment of 
the cell. Steam is blown through the space between the cathode 
sheet and the outer containing tank. An inverted rectangular 
box of slate slabs closes the top of the anode compartment and 


supports the anodes consisting of graphite blocks, the dimensions 
of which are 10 by 10 by 43 cm. (4 by 4 by 17 in.). These are 


screwed on to graphite rods 6 cm. in diameter (2.5 in.) and 30 cm. 
long (12 in.). There is an automatic feeding device consisting of 
a float which presses a dull knife edge against the rubber tubing 


through which the brine is supplied to the cell. The diaphragms 



Fiu. 90. — Nelson Alk.vli-C’iilouine Cell. 


are renewed every 6 to 8 months. It is said to require more labor 
to change diaphragms in this cell than in the Allen-Moore cell, 
but Nelson cells require less floor space. Nelson cells are built 
for 1000 amp. After reaching normal working conditions the 
cathode liquor contains 10 to 12 percent of sodium hydrate and 
14 to 16 percent of sodium chloride. The guaranteed ampere 
efficiency is 86 percent, but 90 percent is generally reached. The 
average voltage is 3.7 volts, corresponding to an energy efficiency 
of 56 percent based on 90 percent current efficiency and 2.3 volts 
as the decomposition voltage of sodium chloride. The floor space 
required is one square foot for 2.5 lb. of chlorine per day (12.5 
kg./sq. m.). The chlorine averages 99 percent pure. 

The Gibbs cell,* shown in Figure 97, has a cylindrical vertical 

» Kershaw, Chem. Met. Eng. 84 , 81 (1921). 
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diapbTag,m. Vat cattvode wViicti auTTomda tlae diaphragm has a 
number of inward projections imbedded in the diaphragm for 
reducing its resistance. The cathode compartment is filled with 
liquid. The diaphragm and cathode are shown at 8 and 9. The 
esbestos diaphragm is thicker at the bottom, in order to make the 



rate of percolation the same at the top and bottom. The cathode 
jacket is of sheet steel. The projections of the cathode plate 
which are the principal feature of this cell may be obtained by 
punching holes in the sheet and then pressing the sheet around the ^ * 
diaphragm with the rough edges on the inside, or the sheet may ' 
be corrugated longitudinally. These points are said to remove 
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the caustic soda from the action of the current, and reduce the 
loss due to the dischar^^e of hydroxyl ions. It is also said that 
the p)crmeability of this diaphragm is maintained for a longer 
time than one placed on a cathode without projections. 

There is an iron lid in which the anodes are fixed, and a separate 
annular ring holding the cathodes and diaphragm. Data on 
this cell have not been published. It is used by the Pennsylvania 
Salt Manufacturing Company at Wyandotte, Michigan. 



Fio. OS. — Anoukh and ('athodk.h of tiik B\mel Alkali-C'hlokinh (’ell 


The c(‘ll made by the Soci(‘te pour ITndustrie Chimique ^ Bdle 
is employed in a number of works in France, Italy, and Switzer- 
land.^ 

The peculiarity of this cell is its so-called “pi’opulsive” cathode, 
which reduces the floor space required for a given output and also 
gives a fairly high |:x'rcentage of alkali. The cathode is placed 
in a narrow-meshed asbestos bag having the same form as the 
cathode. The hydrogen liberated in this narrow cathode chamber 
rises to the surface, where a froth is produced consisting of bubbles 
of hydrogen contained in shells con.sisting of the solution of alkali 
carried up by the hydrogen. This froth overflows into a chaml)er 

‘Kershaw, Chem. Met. Eng. 24 , 169 (1921); Brit. Pat. 11,872 (1913). 
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where the hydrogen is separated from the cathode liquid. The 
part of the cathode bag extending above the electrolyte is imper- 
meable to hydrogen. Two of these cathodes are shown in Figure 
98, which shows only the bags and iron tubes through which the 
froth rises, but the cathodes inside the bags are not indicated. 
The electrolyte is sucked through the diaphragm by the continual 
removal of froth, and this count (Tbalances the migration of hy- 
droxyl ions. C/arbon anodes are fixed in noncoiulucting, long, 
narrow, belljars. The anode's are also surroundc'd by jisbestos 
diaphragms shown as dotted lines in tlu' tigure. d'hese cells are 
40 in. deep and 5 ft. by 10 ft. in area. The concentration of the 
alkali is 11 to 13 percent sodium hydrate or 15 to 17 percent 
potassium hydrate; the .sodium chloride content is not given. 
The chlorine has less than 2 pe'rcent carbon dioxide. Due to 
suppression of the migration of hydroxyl ions, th(' anodes last 
three years. The cathodes and bags arc ck'anc'd ('very six to 
eight months of the layer of lime which stops up the pores. The 
current efficiency is not given. 

The diaphragms so far clescribed are all v('rtical, but ditiphragms 
may also })e placed in a horizontal position. The advantages of 
the vertical position are principally mc'chanical, such as smaller 
floor space required, ejise in changing diai)hragms, a more con- 
venient shajx' of anod(‘S, and the settling of impurities to the 
bottom of the tank and not on tlu' diaphragms, which would 
increase their resistance. On the other hand, horizontal dia- 
phragms are better from an electrochemical standpoint because 
the rate of percolation is the same over th(‘ whole surface, while 
in the vertical position the percolation is gr(‘at('r at the bottom 
than at the top. Furthermore, any hydroxich* that migra^s 
back into the anode compartment lies on the surface of the dia- 
phragm and is not mixed with chlorine, as this does not stir up 
the solution around the cathode in the horizontal position. 

Cells with horizontal diaphragms have been made by I^e Sueur,^ 
by Carmichael,^ and by Billiter.’ Only the Billiter c('ll will be 
described. It is shown in Figure 99.^ The cell walls B of concrete 
are placed on an iron tray E. T is a diaphragm of pure asbestos 
cloth fastened to the cell walls with cement, and is supported by 

1 Z. Elektroch. 1 , 140 (1894) ; 4 , 215 (1897) ; 6, 29 (1898) ; J. Am. Ch. Soc. 
20 , 868 (1898). 

*Z. Elektroch. 1 , 213 (1894). 

» Billiter, Z. Elektroch. 28 , 333 (1917). 

* Askenasy, Technische Elektrochetme, 2 , 216 (1916). 
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an iron-wire cathode K with wires 3 to 4 mm. in diameter which 
rests on supports and is electrically connected to the iron tray. 
A mud D of some material resistant to the action of alkali and 
chlorine, such as barium sulfate, is placed on the asbestos cloth 
so the liquid will not pass through too rapidly. In order to get 
the proper size of grain the sulfate is precipitated from a hot 



Fia. 90. — Sections of Bili.itbr Horizontal Dia- 
phragm Alkali-Chlorine Cell 


solution. About ^ of its weight of asbestos fiber is mixed with 
it in order to make it firmer. H is & heating pipe. The anodes 
are graphite plates, perforated or curved to allow the escape of 
chlorine. The solution in contact with the cathode becomes 
charged with alkali and drops into the empty space below the 
cathode. At the working temperature of 85° to 90° C. this cell 
produces a solution containing 12 to 16 percent of sodium hydrate, 
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or 18 to 20 percent of potassium hydrate, with a current efficiency 
of 95 percent. With 4.6 amp./sq. dm. at the anode 3.5 volts 
are required per cell. A cell takes from 2000 to 3000 amp. The 
chlorine contains traces of oxygen and 1.5 percent of carbon 
dioxide. 

The electrolyte is fed to the anode compartment through a 
number of tubes R. The level of the liquid is shown by N. These 
cells are in use at a number of plants in Germany and at Niagara 
Falls by the Niagara Alkali Company.^ 

The Ixilljar process is carried out by the Oesterreichischcr Verein 
fiir chemischeund 
metallurgische 
Produktion in 
Aussig, and at 
several places in 
Germany. Fig- 
ure 100 shows 
two cross sec- 
tions of the cell Fio. lOO — Si5<tionh ok Heluah Alkam-Chi.ouinb 
25 of which are 

placed side by side in each bath.^ Each cell takes 23 amp. 
The solution leaving the bath is said to contain 100 to 150 grams 
of alkali hydrate per liter, at a current yield of 85 to 90 percent 
and with 4 to 4.5 volts |)er cell.*^ 

Rilliter has modified the belljar process so that only one large 
Ix'lljar per cell is necessary, in place of the large number in the 
Aussig process.'* As shown in Figures 101 and 102, the cathodes 
are placed immediately under the anodes, and the hydrogen is 
conducted away by the asl)estos tubes which surround the cathode. 
These tubes are not intended to confine the hydrate; it passes 
through easily. There is evidently a uniform current den.sity and 
a uniform flow of liquid throughout the cross section of this belljar, 
and the electrodes are closer together. The voltage is less than in 
the Aussig cell. The cells are made of reenforced concrete, and 
have the following internal dimensions : 5.5 m. long, 1.1m. wide, 
and 1.3 m. high (18 ft. by 3.6 ft. by 4.3 ft.). There are three 
cement lids, each carrying eight anodes, whose dimensions are: 
100 cm. by 18 cm. by 5 cm. (39 by 7 by 2 in.). The current den- 

^ Allmand, Met. Chem. Eng. 11, 20 (1913). 

* Z. f. Elektroch. 7, 925 (1901). 

* Haeussermann, Dinglers polyt. J. 816, 475 (1900). 

‘Met. Chem. Eng. 11, 20 (1913). 
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sity when running at 85° C. is 4 to 6 amp./sq. dm. ; by changing 
other conditions this can be increased to 14 amp./sq. dm. The 
T-shaped cathodes are iron. Saturated, unpurified brine is used. 
The cathode liquor produced contains 12 to 11^ jx'rcent of sodium 
hydrate and 20 percent sodium chloride, with the flow at the rate 
350 1. per day. The final product contains 97 percent of sodium 
hydrate, 1.2 percent of sodium carbonate, and 1.8 percent of 
sodium chloride. At room temperature these cells take about 4 
volts, at 85° C. 3.1 volts. The curnmt efficiency is about 92 percent 



Fill. 101 — Section of Bilutbr-Lkykam Alkali-(’hlorine Cell 


for 3-n to 4-a alkali (12 to 16 percent). The principal advantages 
of this cell arc: freedom from diaphragm troubles, the use of 
impure brine, low attendance charges, and low energy consumption. 

Mercury Cells. — The following are the principal advantages 
of cells with mercury cathodes or with intermediate electrodes : ^ 

(1) Production of more highly concentrated alkali, up to 40 
percent with a saving in evaporation, 

(2) the alkali has no sodium chloride, 

(3) the hypochlorite concentration can be kept very low, so 
that the anodes are very little attacked and there is scarcely any 
carbon dioxide in the chlorine, but it does contain hydrogen. 
It is no longer true that the current efficiency in mercury cells is 

^ Taussig, in Askenasy’s Technische Elektrochemie, 2, 101 (1916). 
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better than that in diaphragm cells, due to improvements in the 
diaphragm cells, while the voltage required in mercury cells is 
higher. The current efficiency of mercury cells is not 100 percent, 
due to the formation of hydrogen either by deposition or by sub- 
sequent action of the electrolyte on the amalgam. 



A simple form of mercury cell is that of Solvay and ('ompany.^ 
Two cells are connected together so that th(‘ amalgam formed in the 
electrolysis cell is decomposed in the oth(*r by contact with water. 
The electrolyzing cell shown in Figure 103 consists of long, narrow, 







Fio. 103. — Section of Solvay Alkali-(’hlokine Cell 


iron trays hned with cement and slightly tilted. Mercury flows 
continuously from B to C, and the electrolyte flows in the same 
direction. It enters at 30° C. and leaves at 60° C. At C the upper 
layer richest in sodium flows over the partition and to the ^Je- 

iGerm. Pat. 104,900 (1898); Z. Elektroch. 7, 923 (1901); Tr. Faraday 
Soc. 6, 258 (1910). 
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composing cell, where a stream of water flows in the opposite 
direction to that of the amalgam and acts on it chemically. The 
alkali from the decomposing chamber is 35 to 37 percent of 
sodium hydrate. The anodes are platinum. 

The cells take 10,000 to 15,000 amp. at 5 volts, and 12 to 15 
amp./sq. dm. The advantages of these cells are their simplicity 
and the large units. 

In the Castner cell mercury forms an intermediate electrode. 
It ^ is represented in Figure 82. It is a slate box 4 feet square 
and 6 inches deep, the joints of which are made tight with rubber 
cement.* Two partitions, reaching to within inch of the 
bottom, divide the cell into three compartments. The two outside 
compartments contain the graphite anodes A, and the middle com- 
partment the iron cathode C. Brine circulates through the anode 
compartments, and pure water is supplied to the cathode com- 
partment. The cell is pivoted on two points at one end and the 
other is raised and lowered about i inch once a minute, causing the 
mercury to circulate between the anode and cathode compartments. 
The hydrate leaving the cathode compartment contains about 
24 percent of sodium hydrate (sp. gr. 1.27). This is evaporated 
to solid hydrate in large iron pans. Each cell takes about 100 
pounds of mercury, which is a very large item of expense. The 
current for each cell is G30 amperes at 4.3 volts, and the current 
efficiency is about 90 percent. The current density on the mercury 
is 12 amp./sq. dm, ; on the anodes, 16 amp./sq. dm. 

On account of the loss in sodium in the amalgam by chemical 
reaction with the solution, there is not sufficient sodium in the 
amalgam to carry all of the current from the amalgam to the 
solution, and the current w'ould oxidize some mercury, if it all 
passed from the mercury surface to the solution. This is avoided 
by conducting 10 percent of the current from the mercury by an 
external conductor to the cathode. 

It was formerly thought that the decomposition voltage of sodium 
chloride between graphite and iron, which is 2.2 volts, would not 
be changed by inserting an intermediate mercury electrode, but 
that the excess voltage required for decomposition on the mer- 
cury cathode would be balanced by the action of sodium in the 
amalgam in the other compartment. It does not act this way, 
however, because of the low concentration of sodium in the amal- 

1 U. S. Pat. 528,322 (1894). 

• J. W. Richards, Electrochem. Ind. 1, 12 (1902) ; Le Blanc and Cantoni, 
Z. Elek. 11, 009 (1905). 
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gam. It even takes 0.2 volt more to send the current from the 
amalgam to the iron cathode.^ 

The Whiting coll,^ shown in Figures 104, 105, and 106, is a mas- 
sive concrete structure supported on four concrete pedestals, from 
which it is insulated. It consists of a shallow box divided into 
two compartments, A and B, by a concrete partition. The 
bottom of the decomposing chamber is divided by low glass par- 



Fia 104. — Horizontal Section of Whitino Alkali-Chlorine Cell 


titions into a number of sections having V-shajied bottoms sloping 
at a slight angle toward the central slot I). These slots lead 
through the concrete partition into the oxidizing chamber B, 
where they turn upward and are closed by valves E. The valves 
are operated by the cams F, which arc attached to a slowly revolv- 
ing shaft G. The other ends of the slots are connected by the 
channel //, called the distributing level. This connects with a 

^ From experiments by Mejdell, Focrster, EUktrochemie ivdsseiriger LdiWP - , 
gen, p. 771 (1922). 

* Jasper Whiting, Trans. Am. Elcctrochem. Soc. 17, 327 (1910). 
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secondary channel /, which leads through one of the side walls 
of the cell to a pump J, at the extreme end of the oxidizing com- 
partment, Mercury covers the bottom of the decomposing com- 
partment, filling the above-described sections to a common level. 
The anodes K are slabs of Acheson graphite, perforated to allow 
the chlorine to escafK^ and rest upon the ledges L, placed at the 
ends of the section in such a way as to make a very short distance 



Fio. 105. — Vkutk'al Section of Whiting Alkali-Chlorine ('ell 


between the anode and the mercury cathode. The anodes are 
connected to the dynamo by the leads M. 

The oxidizing chamber is divided into three compartments 
P, lined with graphite and sloping downward in successively 
opposite directions, forming a zigzag path to the pump pit Q, 
where the stoneware rotary pump J is placed. Brine fills the 
decomposing chamber, and water or alkali hydrate fills the oxi- 
dizing chamber. 

The action is as follows: The floor of several sections of the 
decomposing chamber is covered with mercury, maintained at 
a common level by the distributing level. The current flows 
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from the anode through the brine to the mercury and out by the 
iron rods R, partly imbedded in the concrete. When the elec- 
trolysis has proceeded about two minutes, the valve at the point 
of exit of one of the sections is opened by the action of the cam, 
and the entire miiss of sodium amalgam in the section sinks into 
the slot and through the connecting pipe into the oxidizing cham- 
ber. When the mercury is out of the cell, the valve is closed by 
the cam. Mercury free from sodium then flows into the empty 
chamber by way of the distributing level, until the common level 
is reached. In the meantime the sodium amalgam in the oxidizing 



Fio, 100. — Vkrtical Section of Whiti.ng Alkaij-C hlohinb Cell 


chamber flows by gravity over the graphite plates P to the purnp 
pit. On reaching this point the mercury has been deprived of its 
sodium, and is raised by the pump into the wall pipe of the 
decomposing chamber, completing the cycle. 

The brine is fed in between the electrodes from the receptacles 
>S, equal in number to the sections of the decomposing chamber. 
They are formed in the cover of the decomjxising compartment, 
and are connected by a channel T. (Hass tulx's lead froni the 
bottom of the receptacle S through the anodi* and terminaUt 
below the surface of the mercury near the middle of each section. 
As long as the sections are filled with mercury th(‘ lower ends of the 
tubes are scaled, but when the mercuiy is drawn off, a definite 
quantity of concentrated brine flows into the section. 
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The graphite slabs in the oxidizing chamber contain a large 
number of channels through which the mercury flows. The 
sides of the channels extend into the caustic solution and form the 
cathode of a short-circuited couple. It is difficult to maintain 
good contact l)etween the graphite and mercury on account of the 
hydrogen evolved, but this difficulty was overcome by boring holes 
i inch deep and i inch in diameter at frequent intervals in the 
channels, and filling them with pure mercury at the start. This 
mercury remains pure and makes good contact with the amalgam 
and the graphite. 

The cell used at the Oxford Paper Company’s works in Rum- 
ford, Maine, is 1.8 meter square. It consists of five sections and 
takes a current of from 1200 to 1400 amperes at 4 volts. This 
corresponds to an anode current density of 11 amp./sq. dm. 
The current efficiency is from 90 to 95 percent. The temperature 
is about 40 degrees. Each cell requires from 350 to 375 pounds 
of mercury. A 20 percent hydrate solution is obtained, though 
one with 49 percent can be made if desired. The chlorine gas 
is 98 percent pure, tlie remaining 2 percent being hydrogen. 
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CHAPTER XIII 


THE PRODUCTION OF HYDROGEN AND OXYGEN BY 
THE ELECTROLYSIS OF WATER 

IIydkogen and oxygon havo a nnnd)or of tochnical applications 
that require their manufacture on a large scab'. Such uses are 
welding with the oxyhydrogen flame, iis is doiK' in joining the lead 
plates of storage batteries, the hydrogenation of oils, for reducing 
purposes, such as tungstic acid to metallic tungsten, and for filling 
balloons. Oxygen is used for chemical and medicinal purposes. 

Hydrogen and oxygcm are produced on a laige scale by the 
electrolysis of water, though other methods are also employed. 
The chief points to be considered in different types of electrolyzers 
are (1) the purity of the gases, (2) the energy efficiency, (3) the 
durability of the materials of wdiich the cell is constructed, and 
(4) the simplicity of construction. Some of the principal cells are 
the following. A solution of sodium hydrate is used in all. 

The Electrolabs Company of Pittsburgh makes cells in four sizes : 


Amperes 

Hoi hi-y PRooroTioN, Cubic Feet 
4T Uo()M Tempbraturb 

Guaranteed Epficiency, Cubic 
Feet per Kw.-Hr at Room 
Temperaturk 

Oxygen 

Hydrogen 

Oxygen 

Hydrogen 

250 

2 

4 

3.75 

7.5 

GOO 

4.8 

9.6 

3.75 

7.5 

1000 

8 

16 

3.9 

7.8 

5000 

40 

80 

3.5 

7.0 


The smallest of these cells is represented in Figure 107 and the 
inside parts in Figure 108. Each cell has three narrow compart- 
ments, the middle containing two cobalt-plated cathodes each and 
the two outer each a cobalt-plated anode. Pure asbestos dia- 
phragms are held in sheet-metal frames; two in each cell. The 
electrodes are independent of the casing. 

The cell made by the Burdett Manufacturing Company of 
Chicago is shown in Figure 109. It is a cell placed in an open steel 
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tank of electrolyte. This inner cell is open at the bottom and 
contains the electrodes. The electrodes are connected in multiple 
and are separated by asbestos diaphragms. Each cell takes 400 
amp. and produces 76.8 cu. ft. of oxygen and 153.6 cu. ft. of 



Fio. 107. — Electrolabh ('ompany’s Electro- 
lytic Hydrooen-Oxyoen Generator 


hydrogen per day, at 20° C. Each cell requires 1.95 volts. The 
surface of the electrolyte between the walls of the two cells is 
covered with oil to prevent the absorption of carbon dioxide from 
the air. 
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Oxygen Compartment Asbestos Diaphragm Hydrogen Compartment 


Fia. 108. — Inside Parts of Gbneuatou Shown in Fiq. 107 

The cell shown in Figure 110 is made by the International Oxygen 
Company of Newark, New Jersey. A group of these is assembled 
like a filter-press. Bipolar electrodes are used, which are sepa- 
rated by asbestos diaphragms placed lie tween the electrodes. 
These have rubber edges to prevent the leakage of th(‘ electrolyte, 
and are th(; weakest point of these ctJls, as the rubber is attacked by 
the hydrate and requin^s replacement from time to time. The 
anode is nickel plated because nickel has a h)w ov(*rvoltage for 
oxygen and because it is not attacked as an anode in alkali hydrate. 
This generator may be operated at currents up to 1000 amp. The 
oxygen is not less than 99.5 percent pure and the hydrogen not 
less than 99.75 percent. 

The Toronto Railway Company has recently lu’ought out a cell 
designed by Wm. G. Allen,’ but a full description of this cell is not 
yet available. It will therefore be discussed very liriefly. This 
cell has bipolar electrodes, insulated from the presH(Hl sheet steel 
casings, and separated from each other by asbesbis cloth dia- 
phragms. Six cells are assembled into units by bolting them to- 
gether. The electrolyte circulates through the irells, both leaving 
and entering at the top. The outside dimensions are 40 inches 
high by 24 inches wide. A unit of six cells takes up 3 square feet 
of floor space, corresponding to 3.37 square inches of floor space 
per cubic foot of hydrogen per hour. The cells take 1350 am- 
peres, corresponding to 432 ainp./sq. ft. of projected electrode 
area. A further advantage is the small weight of electrolyte re- 
quired, and the small weight of the cell itself. 

» Tr. Am. Electroch. Soc. 41, 239 (1922). Cost calculations are also given. 
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CHAPTER XIV 

PRIMARY CELLS 

A PRIMARY coll is one so arrangod that tho energy of a chemical 
reaction is obtained as an electrics current, and in which the chemi- 
cals are not regenerated by i)assing the current through the cell 
in the opposite direction. When the cell is run down, fresh chemi- 
cals must be supplied. A s(‘Condary cell, or accumulator, is one 
in which chemicals are regenerated by passing through the cell, 
after discharge, a reverse current from some other source. A 
battery is a group of cells. 

Before the invention of dynamos, primary batteries were the 
main source of (dectric energy ; but since this method of gener- 
ating electi’icity is too expensive for use where a large quantity 
of energy is lU'eded, they were employed only for very light work 
and for experimental purposes. They are still used extensively 
for electric bells, for ignition, railroad signals, and similar purposes. 
Primary cells of special forms are also the standards of electro- 
motive force, for wliich see Part I. 

The first primary cell was due to Volta, and consisted in a 
negative pole of zinc and a positive pole of copper dipping into a 
solution of salt or dilute Jicid. The electromotive force of this 
cell rapidly falls off if an appreciable current is taken from it, on 
account of the hydrogen liberated on the positive pole. This 
develops a back electromotive force and also increases the resist- 
ance of the cell itself. The cell is then said to be polarized. In 
order to have an efficient cell, polarization must be avoided. In 
the Since cell, this was done by substituting platinized silver for 
the positive pole in place of the copper in the Volta cell. The 
rough surface caused the bubbles of hydrogen to escape more 
rapidly. 

In the Grove cell, devised in 1831,^ the cathode consisted 
of platinum dipping into nitric acid contained in a porous cup. 
Outside the cup was dilute sulfuric acid and a zinc negative pole. 
In this case the nitric acid acts as a depolarizer, oxidizing the 

* For an account of primary cells, see Wiedemann, Die Lehre von der Elek- 
tridt&t, 1 , 243 (1893). 
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hydrogen to water and itself feeing reduced to nitrous gases. The 
electromotive force of this cell is between 1.0 and 1.7 volts. 

The Bunsen cell is a Grove cell with carbon in place of platinum 
for the positive pole. 

In the chromic acid cell, due to PoggendorfT, the electrolyte is a 
solution of sulfuric acid and potassium or sodium bichromate, 
containing about 8 parts of potassium bichromate, 10 of ehucen- 
trated a(ad, and 100 of water. The positive poh' is carbon and 
the negative zinc, which is withdrawn from the licpiid wlaui not 
in use. The chromic acid acts as depolarizer. The reaction is: 

3 Zn 4- Cr 207 - " + 14 H+ = 2 Cr+^-+ + 3 Zn++ -f 7 II 2 O. 

The electromotive force is about 1.3 volts. 

Problem. — Write the separate equations at the two electrodes 

that add up to this equation. 

In the Daniell cell, brought out in 1836, the positive pole is 
copper dipping in a concentrated solution of cop|)er sulfate, and 
the negative is zinc dipping in sulfuric acid. Chopper is deposited 
on the positive in place of hydrogen, thus avoiding polarization, 
and zinc goes in solution, forming zinc sulfate. The (dectromo- 
tive force of this cell is about 1.1 volts. 

The gravity cell is a form of the Daniell c('ll patented by Varley 
in 1854, but which did not b(‘come generally known until 1884. 
It was at one time the principal commercial form of the Daniell 
cell. The gravity cell derives its name from th<‘ way in which the 
two solutions arc prevented from mi.xing. At tla* bottom of a 
glass jar is a horizontal copper electrode covered with copper sul- 
fate crystals and a saturated solution of copp(T sulfate. On this 
solution is carefully poured a dilute sulfuric acid solution, in w'hich 
a horizontal zinc electrode is immersed. When in use the migra- 
tion of the copper ions toward the cathode prevents their reaching 
the zinc, while if the cell stands on oix‘n circuit, th(‘ copper sulfate 
would finally reach the zinc by diffusion and cover it with a layer 
of copper. This cell should therefore always h) kept on a closed 
circuit through a few ohms resistance. 

These cells have at present little more than historical interest. 
The use of primary cells is now nearly entirely confined to the 
Leclanch^ and the Lalande cells. Ix^clanch^ cells, in the form of 
dry cells, are used for light work, the Lalande type, for h(‘avy work. 
Leclanch^ brought out his cell in 1868. It consists of a zinc rod 
forming the negative pole and dipping into a solution of ammonium 
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chloride. The positive pole is carbon in contact with manganese 
dioxide for a depolarizer. When the circuit is closed, zinc goes 
in solution as zinc chloride and the ammonium radical is deposited 
on the carbon, which breaks up into ammonia and hydrogen. 
The ammonia dissolves and the hydrogen is oxidized by the man- 
ganese dioxide to water. It is also allowable to consider that the 
cathode reaction is the redu(?tion of (juadri valent to tri valent 
manganese in the saturated solution of manganese dioxide : 

Mn02 + 2 H 2 O = Mn'+ + 4 OH 
Mn'+ = -f F, 

Mn3+ + 3 OH- = i MnaOa + i H 2 O. 

• The total result is: Mn 02 -f iH 20 = } Mn 203 + 0H~ + F. 

The depolarizing action of the mixture of dioxide and carbon 
is dependent on the relative sizes of the two materials.^ This 
depolarization is not rapid, however, consequently not much 
current can lx* taken from a Ijcclanch^ cell at a time without the 
voltage dropping considerably, but it recovers on standing. The 
electromotive force of this cell on open circuit differs from one cell 
to another, varying from 1.05 to 1.8 volts. In a recent form of 
Leclanchd cell oxygen of the air is used in i)lacc of manganese 
dioxide.’* 

The hydroxyl ions produced at the cathode form undissociated 
NH 4 OH with the NH 4 ^ ions, and the equilibrium NH 4 ^ + OH” = 
NH 4 OH = NH 3 -f- H 2 O is established. Some of the ammonia 
escapes, but the greater part enters into the equilibrium : ZnCh + 
2 NH 3 = Zn(NH 3 ) 2 Cl 2 ; this salt frequently crystallizes from 
the solution. Zinc hydroxide may be also formed by the action 
of air and water on zinc and form an insulating layer over the 
surface of the zinc electrode. 

Dry cells are Leclanch^ colls with only a small amount of mois- 
ture, and are much more generally used than those containing a 
large amount of solution. In 1919 over 79 million dry cells of the 
larger sizes were manufactured in the United States, and over 94 
million flashlight cells.® Zinc acts as the container and negative 
pole of the cell. This is covered with cardboard for insulation. 
The electrolyte is an aqueous solution of ammonium chloride, with 
zinc chloride added to reduce local action, held in an absorbent 

‘ Thompson and Crocker, Tr. Am. Electroeh. Soc. 27, 155 (1915). 

» Fery, Brass World, 18, 24 (1922) ; C. r. 172, 317 (1921). 

* Circular of the Bureau of Standards, No. 79, Electrical Characteristics and 
Testing of Dry Cells, p. 5 (1923). 
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material lining the zinc container and in the mixture of carbon 
and manganese dioxide. The electrolyte is also sometimes made 
into a jelly with some colloidal material, such as gum traganth, 
agar-agar, gelatin, flour, or starch. The zinc is usually not 
amalgamated in American cells, but amalgamation is more common 
in European cells. The positive pole is a carbon rod imbedded 
in the mixture of carbon and dioxide. 

Pyrolusite, a hydrated manganese dioxide, is the ore used 
almost exclusively for manufacturing dry cells. Unhydrated ores, 
such as polianite, are not suitable. The ore must })e free from 
nickel, copper, and cobalt, but one percent of iron is not unusual, 
and three percent is allowable in some cases. For small dry cells 
artificially prepared dioxide is sometimes used, but the shelf life of 
these cells is reduced. An average composition of this filling mix- 
ture is the following : * 

10 parts of manganese dioxidi', 

10 parts of carbon or graphile, or both, 

2 parts of ammonium chloride, 

1 part of zinc chloride. 

Sufficient water is added to give a proix^r amount of electrolyte 
to the cell, depending on the original dryness of the materials, 
their fineness, the quality of the paper lining, and similar factors. 
The usual specifications for the manganese tlioxide are that it 
shall contain 85 percent of the dioxide, usually refined ore, and less 
than 1 percent of iron. The cell is sealed up on top with a pitch 
composition to hold in the filling material and to prevent the cell 
from drying. The carbon rod extends above the seal and is 
provided with a binding screw. European cells usually are pro- 
vided with a vent for the escape of gases, but American cells are 
generally completely sealed over the top. The gases can escape 
through the porous carbon electrode. 

The electromotive force of this cell is Ix^tween 1.5 and 1.6 volts. 
On a short circuit through an ammeter, a cell will give from 18 
to 25 amperes. The energy output of a cell of the usual dimen- 
sions, 15 cm. high and 6.25 cm. in diameter, discharged to 0.2 
volt continuously, varies from about 20 watt-hours when dis- 
charged through 2 ohms to 57 watt-hours when discharged through 
40 ohms.* Of course the smaller the current the more complete 

* Burgess and Hambuechen, Tr, Am. Electrochem. Soc. 16, 97 (1909). 

*Ordway, Tr. Am. Electroch. Soc. 17, 341 (1909). 
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the depolarization. When the external resistance is 64 ohms or 
more, depolarization is complete. 

The two principal forms of dry cells 

f are (1) the paper-lined cells and (2) the 
l)ag-typ(^ ceils. In the paper-lined cells 
shown in Figure 111 the zinc container 
is lined with pulpboard consisting of sul- 
fite fiber and ground wood. The manga- 
nese dioxide mixture is then tamped in 
around the carbon rod, and the pulpboard 
lining is folded down over the top. This 
method of construction is common in 
America, but is unusual in European cells. 

, I In the bag-type cells the manganese 

dioxide mixture is contained in a cloth 
I ! bag, as shown 

K in Figure 112. 

I The carbon rod 

I and mixture is 

Fig. 111. - PArKu-uNUD Ma- 

Dn\ C ell nila cord, is de- 

sirable, and the 
space betw(’en the bag and the con- 
tainer is filled with the electrolyte 
thickened with flour or some other 
gelatinous material. These cells do 

not give as high a current when short- 
circuited, as the paix'r lined. This is 
the tost usually employed in this coun- 
try for dry cells. 

Dry cells deteriorate on standing be- 
fore using, and in order to avoid this, 

desiccated cells are made up without ‘ 

. 1 £11 1 ! 1 Fiq. 112. — Bao-typb Dry 

water, and are filled with water several Cell 

hours before putting into service. Other 


mmm^ 

i lii 

M ill 

■!fii 

MB 

■ IB 

nflBJ 


— Bao-typb Dry 
Cell 


cells are only partially assembled, and are quickly assembled when 
needed. 
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Another form of dry cell is 25 cm. (10 in.) hiph by 12.5 cm. 
(5 in.) in diameter and weighs 4.5 kg. (19 lb.) These have a steel 
in place of a zinc electrode. The open-circuit voltage is 0.9 volt 
and the short-circuit current is only 4 to 6 amp. They are in- 
tended for closed-circuit at not more than 0.05 amp. or intermittent 
work with larger currents. 

The Lalande cell was brought out in 1883, and is manufactured 
by Thomas A. Edison, Inc., at Bloomfield, N. J., under tlie name of 
the Edison-Lalande cell. This cell, shown in Fig- 
ure 113, consists of a copper oxide plate Ixdween two 
zinc plates dipping in a 20 or 25 jxrcent solution of 
sodium hydroxide. In the larger siz(‘s the cell con- 
tains two copper oxide and thr('(‘ zinc plates. The 
containing jai- is heat-resisting glass. The zinc 
plates have mercury add(‘d to tluan during cast- 
ing, so that they are amalgamated throughout. 

The copper oxide plates are mad(‘ from eopp('r sejih', 
which is finely ground and then roasted until 
thoroughly oxidized. The oxidized iK)wder is then _ 

mixed with a new and improv(‘d binder and is 'i’jil Eimson- 

pressed into cakes a little larger than desio'd in the L a n db 

finished product. These cakes are then dri('d and 
baked at a bright red temperature, which d('com- 
poses the binder entirely and leaves the plate in a porous state. 
This new binder is the chief improvement in recent yearn in the 
manufacture of these cells.^ After cooling, the plates are re- 
duced to copper at the surface by zinc dust, to make them 
conduct. They arc then washed and are icady for use. The 
hydroxide solution is covered with a heavy mineral oil to prc'vent 
its creeping up the zinc plates and corroding tlKun. Discharge 
curves are shown in Figure 114. The capacity varies from 200 
to 1000 amf3ere-hours, depending on the size of the battery. In 
the latest form of this cell the positive and la'gative plates are 
assembled in a unit rigidly fastened together which the user at^ 
taches to the cover of the cell. 

The zinc plates are now cast with rectangular d(;pressions near 
the bottom edge for showing when the cell is nearly u.sed up. 
These “ indicator pannels ” are carefully calibrated so that they 
become eaten out Ixfore the main body of the plat^ is sufficiently 
corroded to alter its shape and prevent the cell from functioning 



^ Private communication from Mr. 1. S. Dunham, Chief Engineer. 
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properly. These pannels are easily inspected without removing 
from the glass container. 

The primary cells described above are comparatively unim- 
portant compared with one which is not yet realized, but on which 
a great deal of time and work has been 
spent. This is the cell in which carbon 
and oxygen are the elements consumed. 
The present method of producing work 
by the combustion of coal to run steam 
engines is veiy inefficient, as only 
about 15 percent of this energy is ob- 
i tained as work, the rest being lost as 
o heat. If it were i)ossible to devise a 
S cell in which carbon and oxygen would 
S unite with the production of an elec- 
£ trie current and no other form of 
M energy, at ordinary temperature, a 
^ much greater amount of energy could 
J be obtained. 

/ In order to calculate * the free en- 
ergy, or energy that is obtainable as 
useful work, of the reaction in question, 

C + Oo = CO2, 

consider a reaction chamber, as shown 
in Figure 115, containing carbon, oxy- 
gen, carbon monoxide, and carbon 
dioxide in equilibrium at a given tem- 
perature. The chamber has two pis- 
tons separated from it by semiper- 
meable membranes. The semiper- 
meable membrane at the end of the 
cylinder containing oxygen is permea- 
ble to oxygen only, and that at the 
end of the cylinder containing carbon 
dioxide is permeable only to carbon 
dioxide. The maximum work that this 
reaction can produce is then obtained 
by the following reversible process : one 
mol of oxygen is admitted to the oxy- 
i ^ gen cylinder at atmospheric pressure 

‘ Nernst, Theoretische Cheniie, 8-109 d., p. 781 (1921). 
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Fio. 115. — Reaction ('hamber 


and is allowed to expand reversibly to the equilibrium pressure 
of oxygen poi reaction chamber. The work produced is 

Wi = RT log —• 

Vo, 

The oxygen is then forced into the reaction chamber through the 
sernipermeable membrane. In order to preserve equilibrium, 
one mol of carbon dioxide must be simultaneously withdrawn 
at the equilibrium pressure carbon dioxide cylinder. 

The work produced in these two steps is evidently zero. The 
carbon dioxide must then be compressed to atmospheric pressure, 
in which step the work produced is 

Wi = RT 

The sum of Wi and W 2 is the maximum work obtainable : 

W, + Wi= RT log (1) 

Vo. 

It would be impossible to measure the pressure of oxygen in 
this mixture directly, but its value at 1000° can be obtained 
as follows : It has been found experimentally that at 1000° C. 
carbon dioxide dissociates to 0.06 jx^rcent, according to the re- 
action : 

2002 ::^ (>2 4- 2 CO. 

At a total pressure of one atmosphere, th(! equilibrium pressures 
for this system are then : 

Carbon dioxide 0.9991 atmosphere 

Carbon monoxide 0.0000 atmosphere 

Oxygen O.OOOH atmosphere 

Substituting in the equation for the mass action law, 

KiPco:)^ = Po.(Pco)^ (2) 

/i:(I)^ = (0.0003)(0.0006)*. (3) 
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It has also been found that at 1000° C. and atmospheric pressure 
an equilibrium mixture of carbon monoxide and dioxide in the 
presence of carbon has the following pressures : 

Carbon monoxide .... 0.993 atmosphere 
Carbon dioxide 0.007 atmosphere 

Since K is known from equation (3), the pressure of oxygen in 
this system can be computed by substituting in equation (2) : 

A70.007)2 = a:(0.993)2. 

From this, x = 5.4 X 10~^^ atmosphere. 

Substituting in equation (1), 

W, + W,= 1273 R log - - ■ 

* .5.4 X 10-'* 

= 70,600 calories at 1000° C. 

This gives the free energy of the reaction at 1000° C., and it may 
be found at room temperature as follows : The heat of the reaction 
at room temperature is Q = 97,650 calories, and it would bc^ ap- 
proximately the same at the absolute zero, on account of the small 
change in the heat capacity of carbon and oxygen before and after 
uniting. This would also be the free energy at tlie absolute zero, 
since free energy and the total energy of a reaction are equal at 
this temperature. The free energy at the absolute temperatures 
1273° and 0° being known, it may be interpolated for 20° by the 
formula, 

IF, + IT, = 97,650 293 

1273 

= 91,470 calories at 20° C. 

The ratio of the free to the total energy is therefore app^’oximately 
f}, corresponding to 94 percent. 

If the carbon of the carbon electrode enters the electrolyte as 
an ion with four positive charges, and the oxygen as an ion with 
two negative charges, the electromotive force of this cell would be 
found from the equation, 

4 EF = 91,000 calories ; 

from which E = = 0.99 volt. 

4 X ao,1uU 

The difficulties in realizing this cell consist in finding an elec- 
trolyte in which carbon will dissolve, and in making an oxygen 
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electrode. So far they have been insuperable, and at present there 
seems very little prospect of success. 

Problem. — From the heat of the reaction CO + 1 /2 O 2 = CO 2 
+ 68,000 cal. at 25° C. and the data given above, calculate the 
relation between free and total energies at 25° C. for this reaction 
and the electromotive force of the cell. Ans. Free energy = 
0.87 of total energy; E = 1.3 volts. 

Attention has been called by Ostwald ’ to an important point 
in this cell, that the carbon and oxygen must form the opposite 
poles of the cell and must act on each other through an intervening 
electrolyte. If the carbon and oxygen acted directly on each 
other, local action would result, and no current would be produced. 

A number of attempts have been made to make a carbon oxygen 
cell, all of which employed some fused salt or hydrate as elcc;- 
trolyte. This is a disadvantage to start with, for energy will be 
lost by radiation in keeping the cells at a temperature of several 
hundred degrees centigrade'. One of the first of these attempts 
was made by Becquerel- in 1855. In this cell the carbon was 
dipix'd into melted potassium nitrate, and the positive electrode 
was platinum. This cell could never be suex'essful, for the' carbon 
is brought directly in contact with the; oxidizing substance. Also, 
the oxygen was not taken directly from the air, but was in the 
expensive form of a nitrate. 

In 1896, W. W. Jacques patented a cell which excited a good 
deal of interest at that time. This consisted of a gas-heated iron 
pot containing a melted mixture of potassium and sodium hydrate, 
into which a carbon rod dip^xid ; air was blown against the iron 
pot, which formed the positive pole, the idea lieing that this oxygen 
would combine with the carbon through the intervening electrolyte 
and produce a current. The reaction that takes place in the 
Jacques cell is not the electrolytic oxidation of carbon, but is the 
union of hydrogen and oxygen.* Hydrogen is the active 8ul> 
stance at the carbon electrode, and comes from carbon monoxide 
as shown by the reaction : CO + 2 NaOH = Na 2 C 03 + H 2 . The 
iron cathode acts as an air electrode by means of a small amount of 
manganese, either in the sodium hydrate originally or dissolved 
from the iron. The electrochemical reactions are therefore : 

» Z. f. Elektroch. 1, 122 (1894); Z. phys. eh. 9, 540 (1891). 

* Bechterew, Z. Elektroch. 17, 851 (ioll). See also E. de Fodor, Elek- 
tricitdt direkt aus Kohle, p. 41 (1897). 

» Haber and Brunner, Z. Elektroch. 10, 697 (1904) ; 19, 78 (1906). 
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At the anode : H 2 + 2 F = 2 H+ 

At the cathode : 2H+ — 2F = 2H 

2 H + MnOr - = MnOg— + H 2 O 
MnOa— 4- 0 = MnOr- 
H 2 + 0 = H 2 O. 

Problem. — Write all the reactions of the cell and show that they 
add up to the following : C + O 2 -j- 2 NaOH = NajCOa + H 2 O. 

Bauer, Treadwell, and Triimpler describe a carbon cell consisting 
of iron wire and iron rust contained in a magnesia crucible placed 
in a mixture of coke and sodium carbonate held in an iron crucible. 
Air is blown through a pipe into the iron rust.^ 

In conclusion, it may be said that the chance of finding any 
solvent in which carbon would dissolve as ions is very remote, 
and to find one in which both oxygen and carbon would thus 
dissolve is still more remote ; consequently it seems hardly possible 
that this problem will be solved by such a direct method. 

Others have attempted to construct gas cells consisting of an 
air electrode and a carbon monoxide electrode. Cells of this 
kind give electromotive forces corresponding to the reaction 
CO + i O 2 = CO 2 , using glass as the electrolyte, but they are too 
easily polarized.* 

Borchers attempted to use this reaction with a solution of 
cuprous chloride as the electrolyte.® Copper electrodes were used 
and carbon monoxide was passed over one electrode dissolving as a 
complex and air over the other. It was hoped that the following 
reactions would take place : 

At the cathode : 

2 Cu++ = 2 Cu+ + 2 F, 
i O 2 -f 2 Cu+ -h 2 H+ = 2 Cu++ + H 2 O. 

At the anode : 2 Cl" + 2 F = Clo, 

CI 2 -f CO + H 2 O = CO 2 + 2 HCl, 

Total: C0 + i02 = CO 2 . 

The cell is not capable of furnishing any appreciable current, and 
carbon dioxide is not produced in detectable amounts.^ 

It seems unnecessary to describe other attempts to construct 
commercial gas cells. 

> Z. Elektroch. 27, 199 (1921). 

• Haber and Moser, Z. Elektroch. 11, 593 (1905). 

• Die Chemische Industrie, 17, 502 (i894). 

• Barnes and Vee.seninayer, Z. angew. Ch. 1895, p. 101. 
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CHAPTER XV 


STORAGE CELLS 

1. The Lead Storage Cell 
Theory 

The lead storage coll, invented in 1860 by Gaston Plante,’ 
in the charged state consists of a positive plate of lead peroxide and 
a negative plate of finely divided lead, both dipping in sulfuric 
acid of about 1.2 specific gravity. When discharged, the surface 
of both plates has been changed to lead sulfate. The [dates may 
be brought back to their original condition by sending a current 
through the battery in the reverse direction. 

The reaction taking place in the l(*ad storage cell under ordinary 
conditions is the following : 

Pb ()2 + Pb + 2 112804 - 2 PbSO + 2 IloO + 43.000 cal. (1) 

for acid of specific gravity 1.15. This takes pla(‘o from left to 
right on discharge and in the reverse direction on (diarge. This 
has been shown by substitution of the hc'at of this reaction in the 
Gibbs-Helmholtz equation and calculation of the electromotive 
force, and by analyzing the amounts of sulfuric acid, lead, and lead 
dioxide used and of lead sulfate formed for the passage of a given 
amount of electricity. This reaction is made up of the reactions 
at the two plates. The lead dips in a saturated solution of lead 
sulfate and is therefore reversible with respect to the lead ion 
and the reactions are : 

Pb 4- 2 F = Pb++, ] 

Pb++ + SO4- - = PbS 04 , (2) 

H2SO4 = 2 H+ + SO4- I 

The reactions at the positive plate are not so simple. Le Blanc’s 
explanation is given in the following equations : ^ 

» Plants, The Storage of Electrical Energy, p. 30 (1877). For the theory 
of the lead storage cell, see Dolezalek, Theory of the Lead Accumulator, trans- 
lated by von Ende (1904), and for recent studies of the reaction taking place 
in the cell, Macinnes, Adler, and Jubert, Tr. Am. Electroch. Soc. 37 , 641 
(1920), and Knobel, ibid., 43 , 99 (1923). 

* Lehrbuch der Elektrochemie, p. 296 (1922). 
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Pb 02 (in solution) -}- 2 H 2 O = Pb^+ + 4 OH , 

Pb^+ = Pb++ + 2 F, 

Pb++ + SO 4 - - = PbS04, (3) 

4 OH- + 4 H+ = 4 HoO, 

H 2 SO 4 = 2 H^ -f SO 4 - 

Total : PbOs + H 2 SO 4 -f 2 H+ = PbS 04 + 2 H 2 O + 2 F. (4) 

If (2) and (4) arc added, equation (1) results. 

Licbenow ^ considers the positive electrode to be reversible 
with respect to the Pb 02 - “ ions : 

Pb02, solid = Pb02- “ in solution -f 2 F, 
Pb02— -f 4 H+ = Pb++ + 2 H 2 O, 

H 2 SO 4 - 2 H+ 4- SO 4 - 
Pb++ + SO 4 - - = P1)S04, 

Total : “Pl)02 -f H2SO4 + 2 H+ = PbS04 -f 2 H2O -h 2'F. 

While Liebenow’s theory looks simpler than Le Blanc’s it can- 
not represent the reactions that furnish the current on account 
of the extremely low concentration of the Pb 02 - “ ions, which is 
calculated to be 4 X mol per liter,^ and it has been shown by 
Haber that concentrations appreciably smaller than 10“^ cannot 
determine potentials. (See page 102.) The concentration of Pb^+ 
ions in 7.45-a H 2 S ()4 is calculated to be 3 X lO"'* rnol/l.,® which is 
sufficient to determine a potential. 

Problem. — Assuming Lichenow’s theory, express the electro- 
motive force of the lead storage cell in terms of electrolytic solu- 
tion pressures end osmotic pressures, according to the Nernst theory. 


Tablk 40 


Df.NSITY of MjS()4 i 

Pkrcknt H^S04 

Ki.fctromotivf Force at I.'j* C. 

1.0.50 

7.31 

1.906 

1.1,50 

20.91 

2.010 

1.200 

27.32 

2.051 

1.300 

.39.19 

2.142 

1.400 

50.11 

2.233 


‘ Z. Elektroch. 2, 420 and 653 (1895). 

2 Dolezalek, Theory of the Lead Accumxdalor, tr. by von Ende, p. 48 (1904). 
’ Gumming, Z. Elektroch. 13, 19 (1907). For a discussion of the reactions, 
see Z. Elektroch. 6, 46 (1899). 
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The Electromotive Force. — By Le Chatelier's rule, since the acid 
becomes more dilute on discharj^ing a lead battery, the electro- 
motive force must decrease with decreasing concentration. Table 
40 shows the relation between the concentration of the acid and 
the electromotive force, from direct measurements. 

It will be noticed that the electromotive force of the lead storage 
cell, with the concentration of acid ordinarily used, has the un- 
usually high value of over two volts. Sulfuric acid, if electrolyzed 
between platinum electrodes, gives a weak evolution of gas at 
1.7 volts and at 1.9 a strong evolution. If lead sulphate were 
spread on platinum, it would therefore not be pc^ssible to reduce 



Fia. 116 . — TRMPEnATUUB Coefficient of Ei-kctromotivr Force of 
Lead Storage Battery as Funci’ion of Acid Concentration 


it to lead and oxidize it to peroxide, for the potential required 
could not be reached. On lead, however, the overvoltage is so 
great that the gas evolution does not take place below 2.3 volts, 
which is greater than the voltage needed to change the sulfate to 
lead on one electrode and to peroxide on the other. If it were not 
for this high overvoltage on lead, the lead storage cell would be an 
impossibility. 

The temperature coefficient of electromotive force of the lead 
storage cell for the concentration of acid used is positive, but on 
decreasing the concentration of acid the temperature coefficient 
falls to zero and then becomes negative. This is shown by the 
curve in Figure 1 16, representing the results of experiments in which 
the temperature coefficient was determined between 0° and 24° 
C. The temperature coefficient is constant in value between 10° 
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and 70° C. The heavy line in the plot gives the experimental 
results, and the dotted curve the values calculated from the Gibbs- 
Helmholtz equation. 

Behavior during Charge and Discharge. — If F is the voltage 
on charging, E is the open-circuit electromotive force, I is the 
current, and R is the resistance of the cell, then on charge, 

F = E + //?, (5) 

and on discharge 

F' = E' - IR. (6) 

If the current is kept constant and the value of F is measured 
at short intervals, the charge and discharge curves obtained are 
of the form shown in Figure 117. The value of V rises rapidly in 
the first few minutes of the charge from 2.0 to 2.1 volts, and during 
the rest of the charge continues to rise slowly, until at the end it 
suddenly rises to 2.5 to 2.7 volts. During this period of rapid 
rise in the value of F, the cell begins to evolve gas, after which 
the value of F changes only slightly. On allowing the cell to 
stand on open circuit for several hours, the electromotive force E 
falls to the value corresponding to the density of the acid. If the 
cell is then allowed to discharge with the same constant value of the 
current as used in charging, the value of F' at first falls rapidly 
to 1.9 volts and then gradually to 1.85 volts, after which it de- 
creases more rapidly to zero. The curves given in Figure 117 were 
obtained with about 20 percent acid and a current density of about 
0.5 amp./sq. dm. of electrode surface. With a greater current 
density the distance between the charge and discharge curves 
would increase. The general character of the curves for different 
makes of cells is the same, though for those having a thin layer 
of active material the bends are more marked, and for those 
having a thick layer, they are more rounded. 

From the fact that the charging potential F is several tenths 
of a volt higher than the discharging fK)tential F', as is shown 
in Figure 117, it is evident there is a loss of from 20 to 30 percent 
in the energy stored. It might seem at first sight that it is due 
to the loss of energy due to the resistance of the cell itself, to the 
IR value in equations (5) and (6), but the value of the resistance 
of the cell is too small to account for such a large loss. On open 
circuit the resistance of the smallest cells used is only several 
hundredths of an ohm, and no large increase in its value takes place 
when a current is passing. The cause of this loss in energy is the 
polarization of the electrodes caused by the difference in the 
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Fio. 117. — C’liAiiaK AND Di.HriiARfJK CuuvBa or the Lead Stor- 
age (’ell 


values of E and E' due to the change in concentration of the acid 
in the pores of the plates. On charging, acid is formed in the 
pores of the plates, where it becomes more concentrated than in the 
rest of the battery on account of the fact that diffusion does not 
take place with sufficient rapidity to equalize it. Since the elec- 
tromotive force of the cell increases with the concentration of the 
acid surrounding the plab's, a higher impressed electromotive 
force will th('refore be neces.sary in charging. On dischaige, the 
acid is used iq) in the plati's and l)ecom('s more dilute than in the 
rest of the battery, and the voltage falls correspondingly. The 
charge and discharge curves of th(* l(*ad (!ell may now be taken up 
in detail. 

The Charge Curve. — On closing the charging current, sul- 
furic acid is immediately si't free at both electrodes and the elec- 
tromotive force tlK'iefore rises rapidly, as shown by the portion of 
the curve AB. The rate of diffusion increases with the difference 
in concentration of the acid on the plates and in the rest of the 
battery, and when concentration difference has become so great 
that the rate of diffusion and of formation are equal, this rapid 
increase ceases. The maximum point at B is probably due to 
the destruction of the thin continuous layer of sulfate which forms 
on the electrodes during rest, thus reducing the resistance of the 
cell. The slow regular rise to C is due to the gradual increase in 
the density of the acid and also to the deeper penetration of the 
current lines into the active mass and the corresponding greater 
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difficulty in equalizing the acid concentration by diffusion. The 
final rise CD takes place when all of the lead sulfate on the surface 
of the plates has been used up, and consequently the sulfate does 
not dissolve rapidly enough to replace that electrolyzed out. Very 
soon the lead and peroxide ions liecoine so dilute that the work 
necessary to deposit these ions is ec^ual to that rtupiired to produce 
hydrogen on the cathode and oxygen on tht' aiiodt'. If allowed 
to stand on open circuit, sulfate diffuses from within the plate and 
brings back the electromotive force to tlu' normal amount. The 
maximum point at D is due to the mixing of the coiuauitrated acid 
in the electrodes with that outside by the gas bubbk'S. 

The Discharge Curve. — In discharge tlie acid is used up in 
immediate proximity to the electrodes, and this contimies until 
the concentration difference between th(‘ acid in immediate 
proximity to the electrodes and in th(‘ ri'st of the c(‘ll has become 
so great that diffusion just sup})lies the quantity used up. During 
this time the value of V' falls rapidly along AE, The minimum 
point at E is possibly caused by the formation of a supersaturated 
lead sulfate solution. The solubility of lead sulfate in a 20 percent 
solution of sulfuric acid decreases with decreasing concentration, 
so that at the beginning of the discharge, wlaai litth' solid sulfate 
is present, a supersaturation of short duration is probable, and 
the electromotive force of the battery decreases witli increasing 
concentration of lead ions, as seen from the answer of the problem 
on page 339. The su])se(iuent gradual fall in the value of V' rep- 
resented by EF is due to the gradual dccr(‘a.s(' in the density of the 
acid in the entire accumulator, but inoie (*spe(‘ially to the greater 
difficulty in the acid diffusing deeper into the plate as the current 
penetrates deeper. Finally the rate at whicli the acid diffuses 
cannot supply the acid used up by the action of the current, and 
the value of V' falls off rapidly. 

According to this explanation, the loss in energy on charge and 
discharge is due entirely to the concentration changes that take 
place in the electrolyte within the active mass. The smaller 
these concentration changes are, the more nearly will the accu- 
mulator approach complete reversibility. This is illustrated in 
Figure 118. These curves were obtained with a cell of 200 ampere- 
hours capacity. It is seen that for a current of 0.1 ampere, cor- 
responding to a current density of 0.(X)17 amp./sq. dm., the 
charging and discharging potential differ by only 0.006 volt, or 
0.3 percent of the electromotive force of the cell, and that by 
reducing the current this loss may lx» still further reduced. 
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FlO. 118. — VOLTAOK OF THE LbAD StOHAOB (’kLL ON CHARGE 
AND DiSOHAUGE AH A FUNCTION OF THE CURRENT 


This loss is not distributod equally between the two plates. 

The porosity of the load plate made from the same sulfate paste 
as the peroxide is about 1.4 times as great as the peroxide, the 
potential of the peroxide plate falls off about 1 .G times more than 
the lead plate for a given change in the concentration of the acid, 
and finally the concentration change on the peroxide plate is 
greater than on the lead, because not only is sulfuric acid used up 
on discharge, but water is also formed. All of these facts tend to 
make the loss on the peroxide plate greater than that on the lead 
plate. When the positive and negative plates are made of similar 
frames and paste, and have approximately the same capacity, 
it has been found that 60 to 70 percent of the loss takes place on 
the peroxide plate. 

Current Capacity. — The capacity of an accumulator in actual 
practice means the number of ampere-hours that can be taken from 
it if discharged to about nine tenths of its original electromotive 
force, the point where the rapid falling off in the electromotive 
force takes place. The capacity therefore is determined by the 
rate of discharge, for the smaller the current the more time the 
acid has to penetrate by diffusion deeper into the plate, when all 
of the active material on the surface has l)een used up. It is also 
evident that the conductivity of the acid will affect the capacity, 
for the higher the conductivity the deeper will the current lines be 
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able to penetrate into the plate. Since there is a density of sul- 
furic acid at which there is a maximum conductivity, it would be 
expected that the capacity of a lead storage battery would have 
a maximum value for this density, and this has been shown ex- 
perimentally to be the case. 

The most important factor in determining the ampere-hour 
capacity of lead storage cells is teniix'rature. A higher temper- 
ature increases the diffusion, the velocity of the reaction, and the 
conductance of the solution, which allows a deeper penetration 
into the pores of the plate for a given voltage drop. A change 
from 8° C. to 48° C. has been found to increase the capacity 
300 percent. Greater diffusion is the chief cause of this in- 
crease.^ 

The relation Ix'tween current and time of discharge to a given 
voltage can be represented by the eejuation : 

IH = const, j (7) 

where n depends on the character of the plates and varies l>ctween 
1.35 and 1.72. 

Resistance. — The resistances of storage cells vary from a few 
hundredths of an ohm in the smallest forms used to 10~® ohm for 
the largest size containing 131 plates of the dimensions 15 by 30 in. 

: About half of this resistance is due to the solution, and half 
to the plates. An average current for this battery would be 2000 
amp. and the loss duo to its resistance is : 

Pr = 2000 X 2000 X 0.00001 == 40 watts, 

which is only 1 percent of the 3600 watts which the cell is furnishing 
at 1.8 volts. 

Though the resistance is small, there is a large relative increase 
during discharge, due to the formation of non-conducting lead 
sulfate. The resistance of the discharged cell may be from two 
to five times that of the charged cell. 

Current and Energy Efficiencies. — The current efficiency of a 
lead storage cell, or the ratio of the number of ampere-hours obtain- 
able on discharge to the number put into the battery on charge, 
is from 94 to 96 percent. The small loss of 4 to 6 percent is due 
to self-discharge and to the small amount of gassing that cannot be 
avoided. The energy efficiency, on the other hand, which is the 
ratio of the energy obtainable in the external circuit on discharge 


* Morse, Storage Batteries^ p. 135 (1912), 
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to the energy put into the battery on charge, is only from 75 to 85 
percent. The cause of this comparatively low value, as explained 
above, is the difference between the charge and discharge poten- 
tiaL 

Recovery. - -If a coll is allowed to stand on open circuit after 
charging, the electromotive force falls in fifteen or twenty minutes 
to the value corresponding to the density of the acid. This is 
due to solution around the plates becoming saturated with the 
ions with respect to which they are reversible. On discharge, when 
the voltage has fallen IdcIow the value corresponding to the density 
of the acid, standing on open circuit brings it back to the normal 
value. In this case the recovery, as it is called, is due to the diffu- 
sion of the sulfuric acid into the pores of the plate where it has 
become exhausted. 

Self-discharge. — If a charged cell is allowed to stand idle, the 
density of the acid slowly decreases, and the amount of electricity 
obtainable from it becomes less from day to day. This is known 
as self-discharge, and for a cell in good condition amounts to from 
one to two percent a day ; if the acid contains impurities, however, 
it may amount to 50 percent a day. The self-discharge of the 
lead-sponge plate is more likely to take place than that of the 
peroxide plate, as it is affected by a greater number of causes. 
It is fatal for the lead plate if the acid contains any metal more 
electronegative than lead in contact with sulfuric acid, such as 
platinum or gold, for the impurity would be precipitated on the 
plate and i)roduce a short-circuited local element. The lead would 
then tend to dissolve and deposit hydrogen on the impurity. If 
the overvoltage of the impurity is not too great, this would in 
fact take place, and the lead plate would be changed to sulfate. 
Now the potential of the cell : 

Pb sponge I Sulphuric acid] Platini zed Pt -f- H 2 

is 0.33 volt, hydrogen being the positive pole. A current could 
be taken from this cell on closing the external circuit ; lead sulfate 
would be formed on the lead pole and hydrogen would be deposited 
on the positive pole. But if some metal were substituted for 
platinum for which the overvoltage is 0.33 volt or more, evidently 
hydrogen could not be liberated, and no action would take place. 
Consequently only the metals standing on the left in the following 
table would be dangerous for the accumulator ; those on the right 
could exist as impurities in the acid without the least danger, even 
though some of them are more electronegative than lead. 
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Over- 

voltage 


Over- 

voltage 

Platinized platinum . . . 

0.005 

Palladium 

0.46 

Gold 

0.02 

Cadmium 

0.48 

Iron 

0.08 

Tin 

0.5,3 

Platinum, polished . . . 

0.09 

Lead 

0.64 

Silver 

0.15 

Zinc 

0.70 

Nickel 

0.21 

Mercury 

0.78 

Copper 

0.23 




As seen from this table, platinum is the most injurious impurity. 
It has been found that one part of platinum in a million of acid 
will produce a rapid self-discharge of the lead plate. It has been 
found, however, that metals when present together can produce a 
rapid self-discharge, which alone cause scarcely any action. An 
explanation of this cannot be given at present. 

Contamination by platinum can easily occur when sulfuric acid 
is used that has been concentrated in platinum retorts, and plates 
once contaminated cannot be made available again. All other 
metallic contaminations, except manganc'se,’ if present only in 
traces, become inactive on continued use of the cell, probably by 
gradually alloying with the lead. 

The self-discharge of the positive plate tak(\s place more slowly 
than that of the lead -sponge plate. Metallic impurities are of 
no effect on the lead peroxide, for they would not be precipitated 
on it. The only kind of spontaneous discharge is due to local 
action between th(5 peroxide and the lead of the support, which 
together form a short-circuited element, and this is (jf importance 
only for plates with a thin layer of peroxidi*. 

Another cause of self-discharge of a coll is the presence of salts 
of metals that can exist in more than oik' stage of oxidation. For 
example, an iron salt would be oxidized to th<' ferric state on the 
lead peroxide, and would then diffuse to th(‘ lead plate and oxidize 
it to sulfate, thus gradually discharging both plates. 

Sulfating. — The plates of a strongly discharged cell on standing 
gradually become covered with a white coat of lead sulfate. If 
we attempt to recharge the cell, it is found that the internal resist- 
ance has considerably increased, and it does not begin to diminish 
until the charging current has passed through the cell for some 
time ; it then gradually approaches its normal vjdue. A test of the 

* Gillette, Tr. Am. Electroch. Soc, 41 , 217 (1922). 
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capacity would show that this has lost considerably in value. The 
phenomenon just described is known as sulfating. This is not a 
very suitable term, since in every discharge sulfate is formed on the 
plates, which is changed back into peroxide and lead without any 
difficulty. Elbs explains sulfating as follows: During discharge 
there is formed on every particle of lead or peroxide a thin layer of 
finely divided sulfate in contact with an acid solution saturated 
with the sulfate. If the accumulator is allowed to stand in this 
condition, and is subject to any variation in temperature, the large 
crystals will grow at the expense of the smaller ones, for the sulfate 
increases in solubility as the temperature rises, and the smaller 
crystals would be used up first, both on account of their size and 
because the solubility of small crystals is greater than that of 
large ones. When the temperature falls, the sulfate would be pre- 
cipitated on the crystals still remaining, and in this way the plate 
gradually Ix^comes covered with a continuous layer of lead sulfate 
crystals. Sulfating may be so bad that it is cheajxir to replace the 
plates than to regenerate them by charging. 

Construction ami Uses of Lead Storage Cells 

If two lead plates are placed in dilute sulfuric acid and electro- 
lyzed, a thin film of conducting lead peroxide is produced on the 
anode which prevents further action of the current, and at the 
cathode hydrogen is liberated without any effect on the lead. 
If the circuit is now broken, the lead dioxide and the underlying 
lead react like a short-circuited battery and produce twice as many 
equivalents of lead sulfate as there were of lead dioxide. This is 
called local action. A further electrolysis as anode would change 
the sulfate to peroxide, or if used as a cathode, to spongy lead. 
Plante’s method of formation consisted in charges, discharges, 
reversals, and rests, and was a slow process. At present two 
general methods of formation are in use; (1) the accelerated 
Plants method, and (2) the pasted plate, or the Faure process. 
This was invented simultaneously by Faure and by Charles F. 
Brush. 

Plants Plates, — In the accelemted Plants process the active 
material is made from the plate itself. The surface of the plate is 
first made as large as possible by mechanical means, and this is 
formed by electrolyzing in a solution of sulfuric acid containing 
some forming agent, which is a substance that forms a soluble salt 
with lead. Lead is fii*st dissolved, is precipitated as sulfate, and 
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is then oxidized to lead dioxide. The process, therefore, differs 
from the Luckow process, only in the concentration of the anion 
that forms the soluble salt with lead. If too much were added, 
the lead sulfate would not stick to the plate ; and if too little, the 
sulfate precipitates in a dense layer which protects the plate when 
it becomes peroxidized. Negative plates are made by reversing 
IX)sitives, but must be made to have initially twice their rated 
capacity because of the increase in size of the grain and consequent 
loss in surface in the first six months of service. 

Some of the forming agents that have been used are : nitrates, 
acetates, chlorides, chlorates, perchlorates, and sulfites. All of 
these except perchlorate are destroyed by the current and have 
to be replaced during formation. Therefore, they can do no 
harm when the cell is placed in service. 

Formation requires 8 to 10 times the number of ampere-hours 
that the cell is to furnish when in use. 

Another method of formation, apparently not used in manu- 
facturing, is to prevent the voltage from rising to 2 volts, at which 
dioxide is formed.^ If lead is used as anode at a lower voltage than 
this, lead sulfate only is formed and this does not protect the 
plate from further attack. The best way to accomplish this is to 
hang the plate to be formed in sulfuric acid connected with a 
charged positive of 8 or 10 times the capacity of the plate to be 
formed. When the desired thickness of sulfate has been formed, 
the plate is placed in another cell and oxidized to peroxide with 
flat lead plates or with sulfated plates which are to be converted 
into negatives. 

Pasted Plates. — The process of manufacturing pasted plates 
is about as follows : litharge, or red lead, or a mixture of the two, 
is mixed to about the thickness of putty w'ith sulfuric acid of 1.05 
sp. gr. This is forced by wooden paddles into lead-antimony 
grids, containing 6 to 10 percent of antimony. Sometimes a 
hardening agent, such as carbolic acid, or a porosity agent, con- 
sisting in a soluble salt, like magnesium sulfate, is added to the 
paste of the positive plate. These are then dried in air for a week, 
or for a less time in a hot closet. In place of drying, the plates 
may be soaked in dilute acid for several days. 

In this process sulfuric acid forms some lead sulfate, which acts 
as a cement ; the large crystals of lead sulfate grow at the expense 
of the small ones and form a network, holding the material in 

* Ch. Poliak, Germ. Pat. 9166; Dolezalek, Theory of Lead Acaimulalor, 
p. 193 (1904). 
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place. These plates are then electrolyzed continuously for about 
four days in sulfuric acid of 1.10 to 1.25 sp. pr. The negatives 


AMPERE-HOURS FORMATION 
Fio. 119. — Formation of Positivk Pasted Plates 

are electrolyzed as cathodes and the positives as anodes. Figure 

119 shows what takes place in the formation of positives, and Figure 

120 the same for lu'gatives. The positive plate evidently has very 


AMPERE-HOURS FORMATION 

- Formation of Negative Pasted Plates 


little lead sulfate left to act as a cement,* but this small amount 
is all that holds the dioxide in place. As it cannot exist on the 
‘Morse, Stmigc Baltvries, p 198 (1012). 
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Fid. 121. Electiuc 
S roiiAdE Battkuy 
Company’s “Ikon 

(’lad” J’oHlTIVE 


surface, positive plates are always shedding active material, and 
this eventually ends the life of the plate. 

A different kind of positive is made by 
the Electric Storage Battery Company, 
known as the iron-clad ” plate, shown in 
Figure 121. This consists of a series of per- 
forated vulcanite tubes held in a lead-anti- 
mony frame and filled with the active ma- 
terial and a lead rod running down the 
center for contact. Shedding is lovss than in 
pasted plates, but is the cause of the end of 
the life of this cell, as in other tyix's of cell. 

When th(' formation of negatives begins, 
it is to b(' noticed that the formation of lead 
sulfate takes place rapidly. 1’his is due to 
the opening of tlu* poiTs of the plate wlam 
lead oxide is chaiig(*d to lead, so that moo' 
sulfuric acid can get at the oxide. 

The method of making chloride ” nega- 
tives once used was to cast lead grids around pelkds made of melted 
lead chloride. The pellets were then reduc(‘d to si)onge lead. 

“ Box ” negatives now made by the 
Electric*. Storage Battery Company 
(Figure 122), consist of pellets made 
from litharge and lampblack which 
are dropjx'd into openings in lead plates 
and are covered on both sides with 
perforated sheet lead. These pellets 
have no coherence and would drop 
out except for these perforated sheets. 
When so protected they have good 
capacity and life. Negative plates do 
not shed, and for this reason one set 
of negatives usually lasts as long as two 
sets of positives. 

The plates made by the Salom Battery 
Company of Philadelphia are made by 
pressing the formed material in the 
plates at high pressure ; further form- 
ing is not necessary. It is claimed by the manufacturers that 
these plates do not buckle and that they have a higher capacity 
and longer life than other plates. 



Fio. 122. ~ Electric Stob- 
AOE Battery Company’s 
“Box” Negative 
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Usually negatives are not made by the Plants process, because 
the box negative is sufficiently rugged for any purpose, and this 
is combined with a Plants positive, 
such as the "‘Manchester'" posi- 
tive shown in Figure 123. The 
Manchester positive consists of a 
lead-antimony grid full of holes 
into which are forced buttons made 
of corrugated lead ribbon as shown 
I in Figure 124. This is one of the 
A oldest and most used of the Plants 
^ plates. 

w Wooden separators, shown in 
Figure 125, are generally used to 
prevent short circuits. Cypress is 
the best wood for this purpose. 

' In the Gould cell, both plates 
Fio. 123 . — Electric Storage are made by the Plants method. 
Battery Company’s ‘‘Manchkh- ^ purc-lcad sheet is stamped OUt, 
ter” Positive surface is worked up into 

the shape shown in cross-section in Figure 126, by rolling the surface 



Fig. 124 . — Lead Button fob Manchester Plate 


a number of times with steel disks. This process is called spinning. 

An unspim portion of the plate is 
left where the wheels stop, forming 
a number of crossbars in each plate. 
The plates are then formed as de- 
scribed above. Negative plates are 
made by reducing peroxide plates.^ 
Figure 127 shows a positive plate ready 
to be formed. The surface of this plate 
_ a is very large in proportion to its area 

Fio. 126 . — Wood Separator , . ; An • • i j .l 

for Lead Storage Cell and IS the most efficient in hardest 


Catalogues of the Gould Storage Battery Company. 
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service, but there is a consequent greater danger of buck- 
ling. 

The Tudor plate, shown in Figure 128, is cast in a mold. It is 
the most used of the European Plantd plates, and is made in this 
country by the Electric Storage Battery ( ornpany. 

Many forms of grids are made for pasted plates, some of which 
are shown in Figure 129. 

Uses. — The principal uses for storage batteries are (1) stand-by 
service, (2) regulation, (3) traction, (4) submarines, (5) clock and 



Fig. 126. — Sections of Gould Plate Duiuno Spinning 

signal systems, (6) operating oil switches, (7) residence and farm 
lighting, (8) car lighting, (9) lighting, starting, and ignition in 
automobiles, (10) telephone exchanges, (11) for peak loads, 
(12) for operating drawbridges, and for numerous minor purposes. 
The use in automobiles is probably the largest single use of storage 
batteries at present. In stand-by service a large battery is kept 
floating on the line so that in case of accident service will not be 
interrupted. All central power stations are equipped with stand- 
by batteries, which are discharged on the average three or four 
times a year. Regulation of trolleys, large factories, etc., is the 
hardest kind of service for storage batteries, and requires Plants 
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positives. Details of wiring arc given in electrical engineers^ 
handbooks. 

Life of Storage Batteries. — The life of a storage battery de- 
pends on the kind of service to which it is put, and is considered 
ended when the battery has lost 80 percent of its capacity. Table 
41 gives the usual period of service for batteries of the Electric 
Storage Battery Company. 


Fio. 127. — Gould Positive Ready fok Forming 


Table 41. Life of Storage Batteries of the Electric Storage 
Battery Company 


Type 

xc 

Iron clad 

Car lighting 
Chloride: Manchester 
positive and box negative 


Service 

Vehicle 

Vehicle 

with E. S. B. Co. equipment 

Stand-by 

Regulating 


Years 

2 

3 

10 

15 to 20 
5 
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Table 41 — Continued 

Type Service 

Oil switch 8 to 10 

Independent plant 8 to 10 

Clock svsti'm and signals 10 to 12 
Exide Oil switch 4 to 5 



Fia. 128. — Tudor Plate 


The cost of Exide plates is half the cost of the battery. The 
cost of a stand-by battery of a power plant supplying a large city 
may be $1,000,000, and the total maintenance cost per year is 
4 |)ercent of the cost of the battery. 



2. The Edison Alkaline Storage 
C.'ell 

Construction 

The Edison storage cell is the only 
accumulator besid(*s the lead cell that 
has any commercial importance, and this 
is not used at all for the heavy work of 
power plants, but principally for traction. 
In this cell the active material of the 
jiositivc ix)le is an oxide or oxides of 
nickel, and that of the negative pole, 
very finely divided iron. The solution 
is 21 percent potassium hydrate with 60 
grams of lithium hydrate pcT liter. The 
lithium increases the capacity of the bat- 


Fia. 129. — Grid. s FOR tery 12 percent, but also increases the 
Pasted Plates resistance of the electrolyte 21 percent.^ 


' Turnock, Tr. Am. Electroch. Soc. 32, 405 (1917) ; Walter E. Holland, El. 
World, 66, 1080 (1910). 
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Edison began to investigate alkaline accumulators in 1898, and 
after trying a great number of different combinations had the 
nickel-iron combination fairly well developed in 1900.* It then 
passed through several more stages of development, and arrived in 
1904 at what was called the type E 18 battery. This had twelve 
nickel plates and six iron plates. The active material of each 
plate was held in 24 perforated nickel-plated steel pockets 7.5 
cm, in length, 1.27 cm. in width, and 3 mm. in thickness. The 
iron plate was mixed with mercury, the effect of which will be ex- 




Fio. 130. — Iron Electrodes of the Edison Storage Cell 


plained below, and the nickel oxide with graphite, to increase its 
conductivity. This cell had two defects: (1) the nickel plate 
Continually expanded on charging and did not contract on dis- 
charge, so that the contacts between the active material and the 
supports became bad, and (2) the graphite mixed with the nickel 
oxide gradually disintegrated and did not fulfill its function of 
conducting the current into the interior of the nickel plate, caus- 
ing the battery to lose its capacity. 

1 Kennelly and Whiting, Trans. Am. Electroch. Soc. 6, 136 (1904). 
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Both of these difficulties seem to liave been overcome in the 
latest form of this battery, which has been on the market since 
1908. The construction of the iron electrode, shown in Figure 130, 
has not been altered, and its dimensions are the same as in the E 
type, but the nickel electrode has been considerably changed. The 
nickel plate, shown in Figure 131, was formerly made just like the 
iron plate, but in the A type ^ it consists of two rows of sixteen 
round pencils, held in position by a steel frame. They have flat 
flanges at the ends by which they are supported and by \^'hich elec- 



Fig. ISl. — Nickel Electrodes of the Edison Storage C’ell 


trical connection is made. These pencils are perforated nickel- 
plated steel tubes filled with the active material, 0.()5 cm. (i in.) in 
diameter and 10.5 cm. (4^ in.) in length. They are put together 
with a spiral seam to resist expansion, and each pencil also has eight 
steel rings slipped over it as a further precaution. The graphite 
is replaced by nickel made into thin flakes, and distributed in 
regular layers through the active material, as shown in Figure 
132, a section of a pencil taken through its axis. The dark layers 

^ EJdison cells are designated by a capital letter showing the size of the 
plate, followed by a numeral showing the number of positive plates. 
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are nickel flake, and the light-colored layers are the active material. 
A pencil contains about 350 layers of each kind of material, each 
layer of active material being about 0.01 in. thick. These 
pencils are fill(;d under a pressure 2000 Ib./sq. in., and are pressed 
into permanent position in the nickel-plated steel grids by a 
hydraulic pressure of 40 tons. The negative pockets are filled 



Fio. — ICNLARaED Se<ti()N of Pencil from the Nickel 
Plate of the Edison Storage C’ell 


by a method similar to that used for the positives, and are clamped 
in position with 120 tons pressure. 

Type G cells, intended for use where high discharge rates are 
required, have positive pencils only in. thick and somewhat 
thinner negatives. 

The number of negative plates in all cells is one greater than 
the number of positives. 
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Nickelous hydrate is prepared^ by dissolving shot nickel in 
sulfuric acid, saving the hydrogen for the reduction of the ferric 
oxide of the negative plate. The impurities are copper, arsenic, 
antimony, and iron. Most of the coi)per is removed by the nickel ; 
what remains is precipitated by hydrogen sulfide together with 
the arsenic and antimony. This is filtered and the iron is oxidized 



Fio. 133. — C:oNTAiNiNO (^AN OF thf: Edison Stohaoe C:ell 


with bleaching powder or sodium hypochlorite, and is then pre- 
cipitated as a basic sulfate by carefully neutralizing with soda ash. 
The purified nickel sulfate is sprayed into a boiling solution of 10 
to 15 percent sodium hydrate. After washing and drying at 100® C. 
the nickelous hydrate is tested for its electrical capacity and if up 

» Turaock, Met. Chem. Eng. 16 , 259 (1910). 
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to standard is ground up in 500-pound lots. The material used 
comes between a 30- and a lOO-mcsh screen. 

The iron used in making the active material of the negative plate 
is usually a Norway or a Swedish product. This is treated with 
sulfuric acid in lead-lined digesters. The hydrogen is purified 
and collected with that obtained in dissolving nickel. The 
resulting ferrous sulfate is recrystallized several times, dried in 
centrifugal machines, and then in rotary driers at from 200° to 
300° C. It is then given an oxidizing roast in muffle furnaces. 


too 


z 



















“ 

““ 

_ 


““ 

““ 

— 



































— - 

— 



__ 


— 

_ 

— 

=1 



r« 

mm 














1.00 

1*40 




— 

— 

— 


— - 

— 

— 

— 




~ 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

- 

w- 








J 




















k 

N 




J 
















" 








_ 




— J 








j 

Im 

lai 











J 


















H 

3 












■ 




■ 

■ 

■ 

■ 

■ 

■ 

■ 

-J 




■ 

■ 

■ 


■ 

i 

a 

■ 

u 

■ 

■ 

■ 

■ 

1 

«i0 

0 

■ 




■ 

■ 

■ 

■ 

■ 

■ 

■ 

1 




■ 

■ 

■ 


■ 

i 

K 

i 

■ 

■ 

■ 

■ 

■ 

■ 




Nomal Bates ot Charge and Discharge 
3-2, 8 Amps. X-6, 45 Aaps. 

B-4. 16 » ^-8. 60 •• 

B-6. 84 •• ,4-10. 76 

i4-4. 80 >• A42. 80 •• 

A -6, 87.5 *• 

Normal length of charge, 7 hoon 


■ 

■ 

■ 


■ 

■ 

■ 

■ 

■ 

■ 





i 

■ 

r 


■ 

■ 

i 


n 

■ 





■ 

■ 



i 

1 

i 



■ 





■ 




i 

i 

■ 



■ 





■ 




■ 

■ 

■ 

1 


I 


1 


■ 

i 




■ 

■ 

■ 



■ 

! 



■ 

■ 

■ 

■ 

■ 

■! 

■ 

■ 

■l 





■ 

■i 

i 




■I 

■ 

■ 




i 



■ 

i 

I 

■ 

■ 

■I 

■i 

■ 

■ 






■ 

■ 




■ 

■ 

■i 



□ 

■! 



■ 

■ 

■ 

■1 

■ 

■1 

■1 

■ 

■1 





_ 

_ 

_ 

_ 

_ 

_ 

_ 

_ 

I 

I 

□ 


1 2 3 4 6 

Chug9 or DUcbuse at Nonxml Rato 

Fig. 134. — Charge and Discharok Curves of the Edison Storage Cell 
AT Normal Rate 


After washing the resulting ferric oxide free from sulfate, it is 
placed in iron retorts set in a muffle furnace and reduced to metaUic 
iron by hydrogen. The product is cooled in hydrogen, and on 
opening the pan dilute sodium hydrate is run in to prevent rusting. 
After standing 6 hours it is drained and dried by heat. After 
grinding and mixing with 6 percent of yellow oxide of mercury 
it is ready to be tested for electrical capacity. 

It requires 4.64 times as much nickelous hydroxide and 5.78 
times as much iron as the theoretical amount required by the 
rated capacity. 
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Nickel foil is made by the electrolytic deposition of alternate 
layers of nickel and copper, cutting into pieces ^ in. in square 
and dissolving the copper with a solution of 25 percent of copper 
sulfate with 15 g./l. of cupric chloride.^ As in the earlier cell, the 
containing can, shown in Figure 133, is of high-grade sheet steel. 
The container and all other metal parts are heavily nickel plated, 
inside and out, and are then annealed in hydrogen, thus welding 
the nickel to the steel. The top of the can is permanently welded 
in place by the oxy-acetylene flame after the plates arc in position. 
There arc four openings in the top, two of which are for the ter- 
minals bolted to the groups of positive and negative plates, while 
the third is for filling, and the fourth contains a valve which al- 


1.60 


S 




Ampere Hour* 


Fig. 135. — Discharge Curves of the Edison Storage Cell at Different 
Rates 

lows the gas to escape, but which does not allow any to enter 
from the outside. The valve is covered with a fine wire gauze to 
hold back any particles of water coming off with the gas during 
charging. 

Newly assembled cells are given four complete cycles of charge 
and discharge to form them. Cells with positive tubes i in. in 
diameter are made in twelve different sizes, with capacities from 
18 to 450 amp. -hr. 

The average discharge voltage for any type is 1.2 volts, when 
discharged to 1 volt. The charge and discharge curves are shoTO 
in Figures 134 and 135. As will be explained below, the capacity 
can be considerably increased by overcharging. According to the 
catalogue of the Edison Storage Battery Company, the normal 
*Met. Chem. Eng. 11 , 162 (1913). 
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capacity of these cells can be increased 30 percent when charged 
at the normal rate for ten hours. The continuous rate of discharge 
may be 25 percent above the normal rate without injury, and for 
occasional short intervals it may be four times the normal rate. 
A cell may stand unused for any length of time without injury, but 
it is said to be better to leave it discharged in this case. As stated 
above, this must never be done in the case of a lead storage cell. 

After standing idle for two months cells can be restored to full 
capacity by the following treatment.’ Discharge at the normal 



Fio. 13t). — Self-di8char(ib of the Edison Storage Cbi.l (A) and of the 
Lead Storage Cell (K) at 22® C. 


rate through a suitable resistance to as near zero voltage as possible, 
and short-circuit for at least 5 hours. Charge at the normal rate 
for not less than 15 hours, and discharge at the normal rate to as 
low a voltage as possible, not short-circuiting. Charge at the 
normal rate for not less than 12 hours and put in service. 

The specific gravity of a 21 percent potassium hydrate solution 
is 1.200. This may fall to 1.100 without affecting the capacity 

* Circular No. 92 of tlie Bureau of Standards, Operation and Care of 
Vehicle-type Batteries, p. 27 (1920). 
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appreciably. If the battery is in daily or)eration, the electrolyte 
should be changed every 8 to 10 months. In changing solutions 
the cell should not be allowed to stand empty more than a few 
minutes. 

According to the makers, the best results are obtained when 
the cell is kept between 75° and 95° F. (24° and 35° C.) on charge, 
and the temperature should not be allowed to rise above 105° 
during charge or 115° during discharge. 

AMPERE MINUTES, CHARGE 



AMPERE MINUTES. DISCHARGE 

Fio. 137. — Potential of the Nickel Electikidb of the Edison Storaob 
Cell in 2 8 Normal Potassil m Hydrate on Chauub and Dihchahge, Re- 
ferred to the Normal Calomel Electrode ah +C.282 Volt 

If the temperature falls below 50° V. (10° C.) during either charge 
or discharge, the output and efficiency will be tiunporarily impaired. 

There is a critical temperature 1k*1ow which the Edison cell 
shows very little capacity. This temiK*rature depends on the 
rate of discharge, but for the normal rate it is about 5° C. (41 F.).^ 
The losses in capacity on standing, or the self-discharge, of an 
Edison cell and a lead cell, are shown in Figure 136. 

^ Bureau of Standards, Circular No. 92 , p. 28 (1920). 
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Theory of the Edison Cell ^ 

The Positive Plate. — The active material is put into the posi- 
tive plate as nickelous hydroxide. On charging?, this is first 
changed to Ni02, which decomposes slowly with the evolution of 
oxygen : 

4 Ni02 = 2 KiiOi + O2. (1) 

This oxygen is at first completely used up by oxidizing Ni(OH)2 
to Ni203, but as Ni(OH)2 becomes exhausted more and more 
oxygen escapes. 

The change in the potential of the nickel electrode on discharging 
is shown by the curve in Figure 137. It is of course similar to the 
discharge curve of the whole battery, since the capacity is deter- 
mined by this plate. The first part of the curve, concave upward, 
is due to the discharge of the solid solution of nickel peroxide in 
nickelic oxide, as is shown by the fact that this part of the curve 
entirely disappears if the battery stands idle for twelve hours 
after charging. There is a drop toward the end of the discharge 
of 0.55 volt to a second discharge process of small capacity, prob- 
ably due to the oxide Ni304. This second constant potential 
becomes shorter as the current density increases, and finally dis- 
appears altogether. 

The charging potential of the nickel plate is more above the 
potential corresponding to nickelic oxide than the discharge curve 
is below. This is because the first action in charging is to produce 
nickel peroxide, which requires a potential at least equal to that of 
a solid solution of nickel peroxide. The nickel peroxide at first 
finds a large amount of nickelous oxide which it oxidizes to nickelic 
oxide. The nickel peroxide therefore disappears rapidly at first, 
and with a low current density the potential of the plate is not 
much above that of nickelic oxide. Gradually, however, the 
peroxide becomes more concentrated and the potential rises. The 
nickel peroxide then begins to decompose with the evolution of 
oxygen, until its rate of decomposition equals its rate of formation. 
Nickel peroxide is formed also by the electrolytic oxidation of 

iZedner, Z. Elektrooh. 11, 809 (1905); 12, 463 (1906); Elba, Z. Elek- 
troch. 11, 734 (1905) ; Foerster, Z. Elektroch. 11, 948 (1905) ; IS, 414 (1907) ; 
U, 285 (1908) ; Faust, Z. Elektroch. 13, 161 (1907) ; Foerster and Herold, 
Z. Elektroch. 16, 461 (1910); Woost, Dissertation, Dresden (1912); Patten- 
hausen, Dissertation, Dresden (1914). For an account of Jungner’s simul- 
taneous attempt to develop the same reaction, see Foerster, Z. Elektroch. 14, 
286 (1908). 
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nickelic oxide, so that its formation continues even after all of the 
nickelous oxide has been oxidized. 

The Negative Plate. — The negative or iron plate when charged 
consists of finely divided metallic iron in the active state. If iron 
is reduced at a high temperature by hydrogen and then placed in 
potassium hydrate, it remains inactive, but after electrolyzing 
for a short while as cathode in a potassium hydrate solution it 
becomes active and has considerable capacity. 

The iron electrode also has two stages in its discharge, as seen 
in Figure 138. The first consists in the oxidation of iron to ferrous 
oxide. The second step is due to the oxidation of ferrous to ferric 
iron, due to the iron becoming passive and the velocity of the 



Fio. 138. — Potential of the Iron Electrode or the Edison Storage Cell 
IN 2.85 Normal Potassium Hydrate on Disctiarob, Hkfekrbd to the 
Normal Calomel Electrode as + 0.282 Volt 

oxidation of metallic iron becoming too slow. The oxidation of 
iron to ferrous hydrate is then replaced partly or entirely by the 
oxidation of ferrous to ferric iron. If the ferrous hydrate is not 
supplied rapidly enough by electrochemical oxidation, the metallic 
iron is oxidized to the ferrous state by the ferric iron. The result 
of the second step is, therefore, to change metallic iron to the 
ferric state. In a 2.85 normal solution of potassium hydrate the 
potential of the first process is — 0.88 volt referred to the hydrogen 
electrode as zero, the negative sign referring to the charge on the 
electrode. The potential difference between the fe^o-hydroxide 
electrode and a 2.85 normal potassium hydrate solution is — 0.75 
volt. This difference in voltage lietween the two steps for the 
iron electrode is therefore only 0.13 volt, while in the case of the 
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nickel electrode it is 0.55 volt. This second step is of no prac- 
tical importance, for the iron plate would not reach it when its 
capacity is greater than the nickel. 

The effect of the addition of mercury to the iron plate is to 
increase its capacity by keeping the iron in the active state. The 
beneficial effect of mercury was discovered by Edison empirically, 
but just how it keeps the iron active is not yet understood. The 
mercury makes it possible, however, for the plate to have a constant 
capacity for the first step, independent of the current density, and 
is therefore of great practical importance. It has no effect on 
charging. The reason for making the capacity of the iron plate 
greater than that of the nickel is that the iron electrode should 
never be discharged as far as the second step, for ferric iron cannot 
be completely reduced again, and the plates lose in capacity. It 
has an equally bad effect to allow the iron plate to stand unused in 
potassium hydrate exposed to the air or to allow it to stand in the 
air when moist. 

In charging, hydrogen is liberated on the iron plate from the 
start, so that the iron plate causes a greater loss in current than 
the nickel, on which no gas is liberated during the first part of the 
charge. It was shown above that the nickel plate changes from 
Ni 203 ■ 1.2 H 2 O to Ni(OH )2 on discharging, and the iron plate 
from iron to ferrous hydrate. These changes may be represented 
by the equations : 

NijOa • 1.2 H 2 O + 1.8 H 2 O :^2 Ni(OH)2 + 2 OH- + 2 F (2) 
and Fe -h 2 OH-::^Fe(OH )2 - 2 F. (3) 

The sum of these equations is 

Fe 4- NijOs • 1.2 H 2 O + 1.8 H 20:^2 Ni(OH )2 + Fe(OH) 2 . (4) 

This equation represents the final result in the whole cell on dis- 
charge, when taken from left to right, and on charge, when taken 
from right to left. These equations are not reversible in the 
ordinary sense, however, for they do not show that hydrogen and 
oxygen are evolved on charging or that the nickelous hydrate is 
first oxidized to nickel peroxide. The Edison cell is therefore 
not strictly reversible, and the equations, though written as re- 
versible, are to be taken only as referring to the initial and final 
states of the cell. 

The £lectrol3rte. — From the equation (4) it is evident that 
water is taken up from the electrolyte on discharging by the plates 
and is given up again on charging. This can be seen by the change 
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in level in the solution on charging and discharging. According 
to equation (4), 0.9 mol of water would be combined or set free 
to one faraday of electricity passing through the cell, and it 
therefore follows that the electromotive force of the battery will 
decrease with the increasing concentration of the electrolyte. 
This is verified by the measurements of the following table : 


Noumality or Hyduate Solution 

E M F OK Cell 

1.0 

1.3510 

1.1.5 

1.3368 

2.82 

1.3377 

5.3 

1.3349 


From what has preceded, it will be evident that the current 
efficiency and capacity depend on each other. If the battery is not 
fully charged, the current efficiency will be high, but the full capac- 
ity is not obtained. This can Ixi obtained only by charging after 
gas evolution has begun, which reduces the current efficiency. 

The ampere-hour efficiency for all discharge rates is 82 percent, 
while the watt-hour efficiency for the normal 7-hour rate is GO 
percent.^ 

Points of Similarity between the Edison and the Lead Storage 
Cell. — It is to be noted that in the only two storage cells made, 

(1) the active material is very slightly soluble in the electrolyte, 

(2) the current is carried through the main body of the electrolyte 
by different ions from those which pass back and forth at the 
electrodes. That is to say, a storage battery must Ix^ mechaniaiUy 
reversible,^ and it is for this reason that a Daniell cell would not 
be successful as a storage cell, although the chemical reaction is 
reversible. 
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CHAPTER XVI 


APPLICATIONS OF ELECTRO-OSMOSIS — COTTRELL 
PROCESS OF FUME PRECIPITATION 

There are a number of substances which are difficult to separate 
from water by filtration, and are not of enough value to dry by 
artificial heat. A good example is peat, which occurs as a slimy 
material in many places containing 85 to 90 percent water. It 
cannot be dehydrated by pressure, as an impermeable, rubber-like 
layer is produced at the surface which does not allow the passage 
of water. Count Schwerin found,’ however, that if peat is placed 
between a wire-gauze cathode and a plate anode, peat is driven 
from the cathode to the anode, where it is deposited in a solid 
crust containing 50 to 60 percent water. This can be air dried to 
contain 20 to 25 percent water, having a heating value of 4000 
to 4500 Cal. per kilogram. One cubic meter of water removed 
requires about 15 kw.-hr. The current removes about 6000 times 
as much water as it decomposes. About one fifth of the fuel re- 
covered would have to be used to generate the electricity required 
for its dehydration by electro-osmosis. The subsequent air drying 
was found too slow and expensive to make the process a success. 
It is reported that in the dye industry some dyes, such as aliza- 
rine, are successfully dehydrated in this way.^ 

This process has been more successful in dehydrating clays. 
Clay contains many impurities consisting of fine particles of such 
substances as quartz, iron oxide, and mica. These are separated 
by stirring up with much water and allowing the particles coarser 
than clay to settle first, in which process electric forces also come 
into play. In place of waiting for the fine particles of clay to settle 
after this purification, the clay is now deposited by electro-osmosis 
on the anode as a firmly adhering mud. 

The cell in which this is carried out is a narrow vat, tapering 
at the bottom. At the top, extending the entire length, there is a 
rotating, cylindrical anode of hard lead. The cathode is a half 

»Z. Elektroch. 9,739 (1903); Germ. Pat. 124,509; 150,066; 155,453; 
179,086; 179,985; 185,189 ; 277,900 ; 279,495. 

‘Count Schwerin, Z. Elek. 9 , 730 (1903) ; Prausnitz, Z. Elek. 28 , 27 (1922). 
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cylinder of wire netting. The clay to be cleaned is made up in a 
separate vessel into a thin mud, and, according to the nature of 
the clay, some water-glass or humic acid and ammonia or alkali are 
added to the water. This mud passes through several vessels to 
separate out the impurities and the coarser clay particles, and then 
to the osmosis vessel. The clay is thoroughly stirred up as it 
enters and is deposited on the partly immei*sed, rotating anode 
as it passes through. It is removed by a scraper in a layer about 
half a centimeter thick. Between 75 and 100 volts are applied and 
the current density on the anode is not over 0.01 amp./sq. cm. 
The yield is 40 kg./kw.-hr. of purified material containing 35 per- 
cent water. The turbid water leaving the cell is used for treating 
new material. This process is used in a large !iuinber of plants 
in Europe.^ 

Tanning consists in the penetration of tannic acid or some other 
tanning agent into soaked hides. The first attempt to assist this 
process electrically was made by Oosse^ in 1819 who placed zinc 
and lead electrodes in an ordinary tan pit. Since then the process 
has been used more or less, but it has not been very successful, 
probably l^ecause tannic acid is oxidized by the current. In 
experiments carried out with tannic acid and capillaries filled with 
jelly, Rideal and Evans found that the acid entered the tubes 
from both ends, indicating that both electro-osmosis and cata- 
phoresis are at work. 

The most important of all applications of colloid chemistry is 
the precipitation of fumes or. smoke from smelters. This was first 
proposed by Hohlfeld in 1824. The pioneer work was later 
done by Lodge and this was reduced to engineering practice as 
regards equipment and construction by ('ottrell.^ The method 
is based on the fact that if pointed electrodes are placed opposite 
a plate electrode, any small particles siisixmded Ix'. tween the two 
take the charge of the pointed electrofle and consequently move 
toward the plate and are deposited on it. 

Direct currents are used, obtained from an ordinary lighting 
circuit by raising its voltage to about 30,000 volts by a step-up 
transformer and commutating by a special rotary contact maker 
run by a synchronous motor. The plate electrode is No. 10 

^ This account is taken from Foerster, Elekirochemie wdssenger Ldmngen, 
3d ed., p. 146 (1922). 

* Poising, Z. Elektroeh. 2 , 167 (1895) ; Rideal and Evans, J. Soc. Chem. 
Ind. 32 , 633 (1913) ; Met. Chem. Kng. 14 , 542 (1916). 

»J. Ind. Eng. Ch. 3 , 542 (1911); Annual Rep. Smithsonian Inst., 1913, 
p. 6.53. 
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sheet iron, and the point electrodes are made by twisting an asbes- 
tos or a mica preparation between two iron wires. This gives a 
large number of fine points of sufficient conductivity for this 
high voltage, though sometimes a special treatment is necessary 
to give sufficient conductivity. A large number of these electrodes 
are hung up in a large flue and the gius to be purified is passed in 
between them. At the Balaklala smelter of the First National 
Copper Company the grounded collecting electrodes are 6 
inches wide and 10 feet high. Each unit contains 24 pairs of 
electrodes. From 80 to 90 percent of the suspended matter is 
removed, amounting to 1 to 6 tons every 24 hours. The average 
consumption of power for the precipitation plant is 120 kw. The 
gas treated is 200,000 to 300,000 cu. ft. per minute at 100° to 
150° C. The dust deposits on the plate electrodes and is shaken 
off about every 8 horn's; the rapid motion of the gas does 
not prevent this deposition. (This smelter has been dismantled.) 

Alternating currents have an agglomerating effect on small 
particles, but if alternating currents are used, there is nothing 
but gravity to make the particles settle. 



PART III 


ELECTRIC FURNACES AND THEIR PRODUCTS 




CHAPTER XVII 


GENERAL DISCUSSION OF ELECTRIC FURNACES 

Historical and Classification. — The usefulness of electric 
furnaces in chemical and metallurgical work was demonstrated 
long before there was a sufficient supply of electricity for their 
commercial development. The apparatus with which Davy 
(1778-1829) produced sodium and potassium was a small electric 
furnace. In 1839 Robert Hare ‘ operated by means of a battery 
an electric furnace in a vacuum under a belljar and produced 
calcium carbide, graphite, phosphorus, and calcium. 

In 1880, after the invention of the dynamo, Sir W. Siemens* 
called attention again to electric heating, and demonstrated the 
fusion of steel and of platinum in a direct-current arc, where 
the metal, contained in a crucible, was the positive electrode, and 
the negative, a carbon rod suspended above the crucible. 

The electric furnace was probably first used commercially by 
the Cowles brothers in 1884 in the manufacture of aluminum 
alloys. Moissan’s researches followed a few years later, in which 
many new products were discovered. The rediscovery of calcium 
carbide by Willson in 1892 resulted immediately in the manu- 
facture of this product, and this was soon followed by the other 
electric-furnace products whose manufacture is described below. 

There are two distinct reasons for the use of electric heating. 
The manufacture of many products requires a temperature higher 
than can be obtained by combustion, and there is consequently no 
question of competition with conibustion heating. In the second 
place, electric heating is used in cases where the jjrocess is simplified 
and working conditions improved, iis in the manufacture of carbon 
bisulfide, or where it is more economical, as in the elcctrothermic 
reduction of iron ore in Norway, and in brass melting. 

Electric furnaces may be clasvsified as follows : (1) arc furnaces, 
(2) resistance furnaces, and (3) induction furnaces. Arc furnaces 
may be divided into high-tension arc and low-U‘rision arc furnaces. 
In resistance furnaces the heat is developed by the passage of the 

* Doremus, Tr. Am. Electroch. Soc. 13 , 347 (1908). 

* J. Soc. Tel. Eng. 9 , 278 (1880) ; Brit. A^. Report, 1882, p. 496. 
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current through some suitable resistor. This may be the charge 
itself, or, if the charge is not a good conductor, a special resistor 
may be necessary, which is usually imbedded in the charge. In 
other cases the charge is heated by radiation from an outside 
resistor. Another type of resistance furnace consists in a liquid 
bath both heated and electrolyzed by the passage of the current 
through the bath. In this case a direct current is necessary. In- 
duction furnaces may be divided into high-frequency current and 
low-frequency current furnaces. 

Of course all electric furnaces are essentially resistance furnaces, 
because the heat is developed in all cases by the passage of elec- 
tricity through a resistor. 

The following table summarizes this classification : 

2. Resistance 3. Induction 

I High frequency 

r ‘ ^ ~ I Low frequency 

Charge conducts Current con- 
current ducted by spe- 

I cial resistor 

f With electrolysis 
\ Without 

Arc Furnaces. — In order that the relation between the electric 
discharge used in arc furnaces and other forms of electric dis- 
charge may be understood, a brief discussion of the discharge of 
electricity through gases at atmospheric pressure will be given. 

The electric discharge through gases may take a number of 
different forms, depending on the conditions, such as voltage, cur- 
rent, the shar)e and material of the electrodes, and the pressure 
and nature of the gas. This discussion will be confined to air 
at atmospheric pressure, because no other case is of technical 
importance. 

When the current is gradually increased between two fixed 
electrodes, the following different discharges take place, in the 
order of their occurrence : * 

1. The non-luminous discharge ; 

2. The glow, or silent discharge ; 

3. The brush discharge, accompanied by a hissing noise, and 
light piuple streamers not joining the electrodes ; 

4. The spark discharge ; 

5. The high-tension arc ; 

6. The low-tension arc. 

• Cramp and Hoyle, J. Inst. E. E. 42 , 297 (1908). 


1. Arc { tension 
\ Low tension 
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In all these types of discharge, the current is carried by ions 
which consist of negatively or positively charged atoms or mol(> 
cules of gas and of free electrons. Electrons are the units of nega- 
tive electricity, having a mass ygW that of the hydrogen atom. 
When an atom or molecule loses an electron it is left with a positive 
charge, and the electron itself soon becomes attached to a neutral 
atom or inolecule. These positively and negatively charged ions 
tend to unite, so that ionization would .soon be reduced to the small 
residual amount always prestuit in gases unless continually pro- 



Fio. 139. — Chauactbristic of Electric Discharge m Air 

duced. Some of the principal causes of ionization are : radio- 
active substances, X-rays, ultra-violet light, cheniical action, the 
impact of ions on atoms, and incandesccuit bodies. Only impact 
and incandescence are of technical importance. 

The general trend of the characteristic, or curve showing the 
voltage as a function of the current, for the different discharges is 
represented in Figure 139. On account of the numerous factors 
that determine the shape of the characteristic to the left of the 
high-tension arc, that part of the curve is not uniform among 
different observers,* but all agree on the characteristics of the 

* Toepler, Ann. d. Phys. 7 , 477 (1902) ; Cady, Tr. Am. Electroch. Soc. 29 , 
693 (1916) ; Brion, Z. Elektroch. 14 , 245 (1908). 
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high-tension and the low-tension arcs. It must be noted that 
these curves are not drawn to scale, on account of the great range 
of values to be represented. The top of the curve may correspond 
to 90,000 volts, the low-tension arc to 30 volts, while the current 
in the low-tension arc may be many thousand times that in the 
high-tension arc. 

The curve will now be considered in detail. The non-luminous 
discharge soon reaches a constant value of current as the voltage 
increases. This is called the saturation current, and is carried 
by the few free ions always present. As the voltage increases the 
ions become sufficiently accelerated to form new ions by impact, 
the current begins to rise, and the glow discharge appears, sepa- 
rated from the non-luminous dis(5harge by a discontinuous region, 
represented by the dotted line, in which the conditions are too 
unstable to make ol)S(‘rvations. The characteristic of the glow 
discharge is here represented as positive (that is, increasing current 
and increasing volts) as given by Toepler, and by Camp and Hoyle. 
At lower pressures it is stated by Cady to be negative (that is, 
increasing current and decreasing voltage). 

The brush discharge is reached after another discontinuity, 
which may be accompanied by sparking, as in all discontinuous 
regions. It may have a positive or a negative characteristic. The 
glow and the brush discharges are sometimes grouped under the 
name of silent discharge, though the brush discharge is not silent. 

When the current reaches a certain value, the conductivity of 
the air becomes so great, due to ionization by impact, that the 
voltage drops to a much lower value, passing through a discon- 
tinuous gap where the spark discharge takes place, and the high 
tension arc is formed. This has a negative characteristic.^ 

After another discontinuity, with increasing current, the low- 
tension arc is formed, which is the kind used in the type of furnace 
in which calcium carbide is made. It has a much higher temper- 
ature than the high-tension arc ; the hottest part of the positive 
carbon is estimated to be between 3900° and 4000° C.^ 

This means that the electrode material is vaporized, and it has 
generally been assumed that the electrode vapor causes the greater 
part of the conduction. It has been found, however, that an 

* For measurements on gaps with maximum values of 9 cm. distance between 
electrodes, 9000 volts, and 0.09 amp. see Grau and Russ, Sitzungsb. d.k. Akad. 
d. Wiss. in Wein (II a) 116, 1571 (1906); 117, 321, 354, and 364 (1908); Z. 
Elektroch. 13, 345 (1907). 

* Waidner and Burgess, Bull. Bureau of Standards 1, 123 (1905). 
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arc may be maintained between tungsten electrodes in nitrogen 
without consumption of the electrodes consequently vaporiza- 
tion of the electrodes cannot be a necessary condition for its ex- 
istence. 

In both the high-tension and the low-tension arc, the potential 
drop between the electrodes consists in a siidd(*n drop at the 
electrodes and a gradual, uniform drop through the region l)etween. 
In the high-tension arc the voltage drop is given by the equation, ^ 




bL 


where a is about 350 volts and h is between 100 and 150 and L is 
in centimeters. Here the drop is greater at the cathode, 300 volts 
of a being due to the cathode and .50 to the anode. The anode 
and cathode drops for the low-tension arc between soHd-carbon 
electrodes arc given by the following formula) : ^ 

Anode = 31.28 + ^ ^ volts, 


Cathode = 7.6 + volts, 


where I is the current and L the length of the arc in millimeters. 
Here the drop at the anode is the greater of the two. 

The foimulse connecting the length of the arc with the current 
and voltage given by Mrs. Ayrton and by Steinmetz ^ apply only 
up to about 30 amperes, and do not hold for higher values. It 
has been found that for currents between 300 and 400 amperes 
and for potential differences of 55 to 20 volts, the potential differ- 
ence is approximately equal to the distance between the electrodes 
in millimeters ; for currents of about 700 amperes the voltage is 
less than this distance.*^ 

Chemical Effects. — The chemical effects produced by the 
electric discharge through gases may be either thermal, electrical, 
or a combination of the two. No doubt photochemical action 
also takes place, but this may be grouped with the electrical 
for present purposes. The thermal effect is due merely to the 
temperature to which the gas is heated ; the electrical is due to 

‘ Langmuir, Tr. Am. EIcctroch. Soc, 29 , 609 (1916). 

* Brion, Z. Elektrooh. 14 , 24,5 (1908). 

*Mrs. Ayrton, The Electric Arc, p. 222. (No date.) 

« Chem. Met. Eng. 22 , 462 (1920). 

® Westman, Tr. Am. Electroch. Soc. 48 , 171 (1923). 
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the splitting up of the atoms as described above and their recom- 
bination in some way, without any appreciable change in tempera- 
ture, and the combined effect is where the electrical effect is 
modified by the temperature produced by the discharge. 

The dark discharge has no chemical effect ; this begins to take 
place only when luminescence appears. A great variety of chemi- 
cal reactions are produced by the glow and brush discharges, 
only one of which, ozone formation, is at present of technical 
importance. Other reactions so produced are : 

N2 + (>2 = 2 NO, 

N2 + 3 H2 = 3 NH3, 

C2H2 + N2 = 2 HCN.i 

In some cases the spark and the high-tension arc produce the 
same reactions as the glow and the brush discharge, but in differ- 
ent quantities, as in the cases of ammonia and nitric oxide. Differ- 
ent kinds of electric discharges may, however, produce different 
reactions: a brush discharge through a mixture of methane and 
nitrogen gives ammonium cyanide,^ while the high-tension arc 
gives hydrocyanic acid and free hydrogen.*^ 

In general the electric discharge produces an equilibrium in the 
reacting gases. For example, if a high-tension arc, cooled so as 
to prevent the thermal equilibrium from destroying the electrical ’ 
equilibrium, is passed through pure nitric oxide, this will decom- 
pose until its concentration reaches the value which would result 
from a molecular mixture of nitrogen and oxygen subjected to 
the same discharge. If an electric discharge is passed through a 
heated gas, the thermal equilibrium overpowers the electrical 
when the velocity of the thermal reaction becomes appreciable. 

Ozone is anotlier example. This is formed from oxygen at a 
high temperature, but the brush discharge produces a concentra- 
tion of ozone at room temperature corresponding to the thermal 
equilibrium at 2000° C. or more. It is consequently unstable and 
decomposes slowly, eventually reaching the thermal equilibrium 
concentration. 

The question as to whether the mass-action law holds for gas 
reactions produced by an electric discharge has been investigated 
in only a few cases. It has been found to hold for the oxidation 

‘ Berthelot, 1809; Norton, Utilization of Atmospheric Nitrogen^ Dep. of 
Commerce and Libor, Sp. Agents Series No. 52, p. 129 (1912). 

* Figuier, C. r. 102, 094 (1880). 

* Lipinski, Z. Elektrochem. 17, 761 (1911). 
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of nitrogen in the high-tension arc ^ but not for ammonia in the 
brush discharge.^ Le Blanc and Davies generalize from these 
facts that if the mass-action 
law holds, the equilibrium 
is thermal, if not, that it is 
electrical. 

For heating solid or liquid 
substances only the low- 
tension arc at from 30 to 
160 volts is suitable, while 
a high-tension arc is used 
for gases, on account of its 
great length and the possibility of exposing a large (piantity of gas 
to its action. These will be described in the chaptc'r on the fixation 

of atmospheric nitrogen. 




Fio. 141. — Arc Furnace 


The fundanK'ntal types of 
arc furnaces are shown in Fig- 
ures 140, 141, and 142. In the 
furnace represented in Figure 
140, the arc is struck directly 
between th(‘ electrodes, heat- 
ing the charge ))(4ow by radia- 
tion. In the furnaces repre- 
sented in Figures 141 and 142 
the substance to be heated is 
one terminal of the arc. All 
arc furnaces b(4ong to one of 
these types. 

Th(‘se figures represent sin- 
gle-phase furnaces. A direct 
current might also be used, 
though this is not often done. 
Three-phase furnaces with 
three electrodes, and two-phase 
furnaces with three or with 
four electrodes are built on 
the same plan. 

Resistance Furnaces.— 
When a charge is a sufficiently 
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good conductor it can be heated by passing the current directly 
through it. If it does not conduct well enough for this, it can 
be heated by packing it around a core 
consisting of rods of carbon, or of 
granular carbon, through which a 
current is sent, as in Figure 143. 
Finally heat may be radiated from 
the resistor, as in Figure 144, to the 
charge below. 

Induction Furnaces. — There are two 
different types of induction furnaces: 
those operated on low-frequency cur- 
rents of 5 to 60 cycles a second, and 
those using a high-frequency oscillatory discharge. 

In the low-frequency furnace, invented simultaneously by 
Ferranti and by Colby,* the metal to be heated is the short- 



Fio. 142. — Arc Furnace 



Fio. 143. — Resistance Furnace with Conducting Core 


circuited secondary of a step-down transformer and in the simplest 
form the secondary is a closed ring of melted metal contained in an 
annular crucible. If an alternating 
current is impressed on the primary 
of the transformer, a secondary cur- 
rent of the opposite phase is induced 
in the closed ring, depending on the 
magnitude of the resistance and leakage 
Fig. 144, - Radiation Regis- inductance of the ring and On tlie voltage 
tance Furnace induced in it. If the induced volt age * 



^ Electric Furnaces in the Iron and Steel Industry, Rodenhauser, Schoenawa, 
and Vom Baur, p. 181 (1920). 

* The induced voltage Ei in the primary is equal to the voltage Fi im- 
pressed on the primary minus the resistance and leakage reactance drops in 
the primary winding. 
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and number of turns in the primary winding; arc Ei and Ni, those 
in the secondary E 2 and N 2 , the following relation holds : 

El ^ 

E 2 N 2 

N 1 /N 2 is called the ratio of transformation. If the current in 
the primary is h and that in the secondary 1 2 , then since EJi 
for the primary must equal E^h for the secondary,* it follows 
that 

/i _ E 2 _ N 2 

T2~ ~Ei~ Ni' 

Thus if = 100 and h = 10, the current in the iron ring for 
which A ^2 = 1 would be 100 /i = 1000 amperes, and the current 
in the ring is therefore controlled by regulating the primary cur- 
rent. 

Since, except for minor core losses, the power in])ut to the pri- 
mary of a short-circuited transformer all goes into copper losses 
in the primary and secondary windings, the power input for the 
short-circuit condition is : 

Pi = power input to the primary 
= IiVi cos = /Jri Ilr 2 , 

where 0i is the angle of lag between the current h and the 
impressed voltage Vi on the primary. Cos 0i is called the 
power factor and can be found from the vector diagram.^ In 
the case of the induction furnace, Jir^, which is the power 
absorbed by the ring, is relatively large compared with the 
power absorbed by the primary winding, therefore P\ ~ hVi 
cos 4>i is approximately the power available for heating the 
ring. 

To find an expression for the power factor, start with OA =■ 12 , 
then OB = I 2 r 2 , and BC = to. E 2 in the voltage induced in 
the secondary and is represented by OC. Ei ~ 0 'E 2 is the in- 
duced voltage in the primary necessary to produce E 2 . lo 
must be added vectorially -'hri and —hxi, giving 
the impressed voltage necessary to produce h- Prom Figure 
145, 

» R. R. Lawrence, Alternating Current Machinery, pp. 183-184 (1921). 

’ See R. R. Lawrence, l.c., Chs. XIV and XV. 
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, OF aliTi + hri 

COS <i>l = = • — 

OD y/{al2r2 -f hny -f {al2X2 + hxiY 

^ / i(ftV2 + ri) 

hV aV2 + riY + ia^X2 + XiY 

_ 0,^2 + Ti 

V {a% + ri)2 -f- {a^X2 + Xif 

This equation shows that if ra is diminished by increasing the quan- 
tity of metal in the melted ring, cos <f)\ becomes smaller. The same 
results if the size of the furnace is increased, and the only way to 
increase the power factor is to use a low frequency, thus lowering 
the value of and X 2 . In large furnaces the frequency is con- 
sequently made as low as five cycles per second. 


D v^ 



Fia. 145. — Vkctok Diagram op Low-frequency Induction Furnace, Neq- 

LECTINO MaONETUINO CURRENT. NoT DrAWN TO ScALE. 

Notation. — ri = primary resistance ; rj = secondary resistance ; 

and <Sa = leakage inductances of primary and secondary windings, respec- 
tively ; 

a = ratio of transformation, or the ratio of the number of turns in 
the primary and secondary, Nx/N^. In induction furnaces 
= 1 ; and a “ Ni. 

/ =a frequency ; 

2tASi = xx = primary leakage reactance; 

2 tA '>’2 = .Ta = .secondary leakage reactance. 
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There are two ways of placing the primary winding of induction 
furnaces in relation to the secondary, (1) the disk winding, shown in 
Figure 146, and (2) the tube winding, shown in Figure 147, as well as 
various combinations of these two. In the disk winding the coil 






Fio. 146. — Disk Winding, Low-FitKQi'KNCY Indihtion Furnace 








of wire is in the form of a disk above or below the secondary, or 
both above and below. The object in the disk winding is to get 
the primary as close as possilde to the secondary to decrease the 
magnetic leakage, while its disadvantage is that it does not permit 

a general view of the 
hearth as the tube wind- 
ing does. Figure 147 
represents the Kjellin ar- 
rangement of coils, while 
the Colby arrangement 
places the coils outside 
the hearth. The two 
windings also produce 
different circulations of 
the bath on account of 
their different positions. 
These circulations are 
produced by magnetic 

The Pinch EffecO — V^hen an alternating or a direct current 
passes through a liquid conductor contained in a narrow channel, 
the conductor tends to contract in cross-^^ection, due to the at- 






1 

W 










Fio. 147. — Tube Winding, Low-frequbnct 
Induction Furnace 


forces, an account of which follows. 


■Northrup, Tr. Am. Electroch, Soc. 15, 303 UW; Am- 

Electroch. Soc. 11, 329 (1907) ; 16, 255 and 271 (1909) ; 39, 313 (1921). 
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Fig, 149 . — The Centrifugal Effect, Induction Furnaces 


‘ Hering, Met. Chem. Eng. 9 , 86 (1911). 
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a repulsion between the two, causing the surface of the melted 
metal to make an angle with a horizontal plane when there is a 
tube winding, as shown in Figure 149. Since this same effect would 
be produced mechanically by rotating the annular bath on its 
axis, it is called the centrifugal effect.^ 

Corner Effect {also called motor effect). — This is the agitation 
produced in a liquid conductor at a sharp bend, due to the repul- 
sion of the current which flows in opposite directions on the two 
sides of the bend. The agitation is strongest in the corner where 
the distance between the conductor on each side of the bend 
is small. The farther from the corner tlie less is the agita- 
tion. ^ 

In three-phase induction furnaces there is a rotating field which 
drags the metal of the bath after it. This might well be called the 
motor effect from its resemblance to the induction motor. 

The high-freque7icy induction furnace was invented by Northrup.® 
In this furnace the material to be heated is not in the shape of a 
ring, as in the ordinary induction furnace, l)ut is held in a crucible 
placed in the field of a high-frequency coil, and eddy currents 
produce the heating. Since they increase as the square of the 
frequency, the reason for using high frequency is evident. If the 
material to be heated is a non-conductor, a conducting graphite 
crucible is used. Figure 150 shows the circuits of a single-phase 
Northrup furnace. A power-factor of 50 percent is easily obtained 
and 75 percent may be reached under favorable conditions. The 
spark-gap consists of water cooled copjier over mercury in an 
atmosphere of hydrogen. With the two gaps, in whichever direc- 
tion the current from the secondary of the transformer is flowing 
positive current must always leave a mercury surface. When the 
voltage between the mercury and the graphite reaches a certain 
minimum value the mercury oix^ns the circuit completely with 
great suddenness, causing very rapid and regular oscillations. 
The power input is regulated by raising or lowering the copper 
electrodes at the spark-gaps. The greater the length of the spark- 
gaps the greater the power. The crucible and induction coil are 
shown at F. The induction coil is a flattened copper tube cooled 

* Bureau of Mines Bull., 77, p. 21 (1916). 

*Clamer, J. Franklin Inst. 190 , 493 (1920); Northrup, ihuL, 190 , 817 
(1920) ; Hering, Tr. Am. Electroch. Soc. 39 , 313 (1921) ; Brophy, Chem. Met. 
Fng. 27 , 489 (1922). 

® Tr. Am. Electroch. Soc. 36 , 69 (1919) ; 39 , 331 (1921) ; Gen. El. Rev. 26 , 
656 (1922). 
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Efficiencies of Furnaces for Melting Metals 


Crucible steel furnaces,^ fired with coke 

Reverberatory furnaces 

Regenerative open-hearth steel furnaces 
Shaft furnaces (foundry cupolas) . . 
Large electric furnaces 


Pkrckvt 


2-3 

10-15 

20-30 

30-50 

68-85 


This definition is, however, not entirely satisfactory, for in some 
cases a furnace is used only for holding a charge at a high temper- 
ature to allow time for reactions to take place, as in steel refining. 
If steel were delivered hot to the furnace, according to this defini- 
tion the efficiency would be zero. 

The efficiency of a furnace can always be given in terms of 
the weight of product per unit of power, and it is common practice 
to rate electric furnaces in this way, because of its greater prac- 
tical interest. 

The efficiency of electric furnaces increases with their size, con- 
sequently there is a tendency to build larger furnaces. For 
example,^ the price of packed calcium carbide was reduced from 
18 to 20 krone made in small furnaces to 12 to 13 krone per metric 
ton in 12,000-h,p. covered furnaces under the same conditions. 
The reasons given by Taussig for this greater economy are 
(1) simple operation, (2) saving in electrode material and wages, 

(3) saving in floor space for a given amount of product, and 

(4) smaller wear and tear of the furnaces. It is also evident that 
the heat loss must be relatively smaller for large than for small 
furnaces. This is most simply explaiiual for a sjiherical furnace, 
the content-s of which arc proportional to the cube of the radius 
and the surface to the square. Ckmsequently if x watt-hours are 
contained by a unit volume of the charge, the heat content of the 
furnace will increase as the cube of the radius, and the surface 
through which it can be lost only as the sipiare, and therefore the 
larger the furnace the less rapidly can the heat flow away. The 
same considerations apply to any similarly shaped furnaces of 

different sizes. i i • 

Power Cost. — The cost of electric power in large blocks vanes 
according to the locality. In Norway a horst'-power year costs 
about $5, while at Niagara Falls it costs from $15 to $20, and 

^ Taussig, Int. Congress of Applied Chemistry, 21 , 105 (1912). 
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at Shawinegan Falls, $12 to $16. Generated by steam in the 
vicinity of New York, it costs $65. 

Electric Furnace Design. — An electric furnace consists of a 
cavity in which electric energy is changed into heat by one of the 
methods described above. The material to be heated is placed 
in this cavity, in some cases filling it completely, in others, only 
partially. The electric energy is conducted through the walls, 
roof, or bottom, to the charge by means of electrodes. 

The complete design of an electric furnace would include draw- 
ings showing the construction of the different parts, consisting of 
the furnace shell, the lining, the electrodes and holders, the water 
cooling, the method of feeding the charge and removing the prod- 
uct, an estimate of the output, and of the consumption of power 
and raw material. The design of furnaces suitable for different 
products varies considerably with the product to be made, but 
there are some general considerations applying to all furnaces, and 
these will form the subject of the rest of the chapter. 

Materials for Furnace Linings. — Electric furnaces usually con- 
sist of an outer shell of boiler plate lined with refractory material. 
Some have outer walls of brick, braced, when necessary, with 
angle irons and tie-rods. 

The purpose of the furnace lining is to hold the charge and to 
prevent as far as possible the loss of heat. The properties desired 
in furnace linings are (1) a high melting point, (2) resistance to 
abrasion, (3) mechanical strength, (4) low coefficient of expansion, 
and (5) low thermal conductance. The term ‘‘ refractory ” 
includes all these properties. No one material has them all to a 
satisfactory degree; for example, high melting point is usually 
associated with relatively high thermal conductivity. Low elec- 
trical conductivity is usually desirable for walls and roofs, but 
a number of steel-refining furnaces depend on having the refractory 
at the bottom a good electric conductor. 

The chemical nature of linings is important, that is, whether 
acid, basic, or neutral. The lining must of course be of the same 
nature as the charge, to prevent reaction between the two. 

Carbon has the highest melting point of all substances, but is 
both a good thermal and electric conductor, except in the form of 
lampblack. Above 2000® C. lampblack is the best of all heat 
insulators, and is an electric insulator when not strongly com- 
pressed.' Unlike all other substances that conduct metallically, 
excepting boron and silicon carbide, the electric conductance of 
^ Northrup, Tr. Am. Electroch. Soc. 39, 331 (1921). 
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carbon increases with the temperature. On account of its re- 
fractory properties it is used for electric-furnace linings, especially 
of furnace bottoms. Air must of course be kept from carbon 
linings on account of combustion. They are made of lampblack 
or of retort carbon, mixed with tar, heated, and rammed in place.* 
Such bottoms are used in furnaces for calcium carbide and ferro- 
alloys ; their life is from two to four years. 

Zirconium oxide, the most recently developed refractory, comes 
next to carbon in refractory properties.^ It has a melting point 
of about 2950° C. and is chemically inert, withstanding the action 
of fused alkalis and fused silica. It has a low coefficient of ex- 
pansion (8.4 X 10“^), and high electrical and thermal resistance. 
Its chief future use is as a metallurgical refractory. Its principal 
ore is zircon, ZrSi 04 , deposits of which are found in Florida. 
Zirconium oxide is found in Brazil. 

The next most refractory substance is silicon carbide,® or car- 
borundum, which also goes under the trade names of cry stolon 
and carbolon. Four different kinds arc on the market: (1) re- 
crystallized carborundum, (2) three kinds of bonded carborundum, 
consisting of small crystals bonded with refractory mixtures, 
(3) various cements for patching, consisting of carborundum and 
bonding materials, and (4) firv-sand, a by-product consisting of 
silicon carbide and partially reduced oxycarbides. 

The use of silicon carbide as a refractory was patented by 
Benjamin Talbot.^ No form of carborundum is a good heat 
insulator, but crystallized carborundum is a better refractory 
than the amorphous fire-sand. Chemically it is neutral. 

Bricks and other objects are made of silicon carbide with either 
a permanent bond, or with a temporary onc.^ In the second 
method the powdered or granular carbide is mixed with a solu- 
tion of glue or dextrine, is molded, and is then heated to its 
temperature of formation in an electric furnace. The carbide 
recrystallizes and is held together by the interlocking of the new 
crystals. 

’ Bureau of Mines Bull. No. 77, The Electric Furnace in Metallurgical Work, 
p. 34 (1916). 

* J. Soc. Chem. Ind. 36, 217 (1917) ; 3T, 734 A (1918) ; Podszus, Z. angew. 
Ch. 1917, I, p. 17; Meyer, Met. Chem. Eng. 12, 791 (1914) ; 13, 263 (1915) ; 
anon, ibid., 23, 770 (1920). 

•Fitzgerald, Met. Chem. Eng. 10, 129 (1912); Hartmann, Chem. Met. 
Eng. 23, 769 (1920). 

< U. S. Pat. 628,288 (1899). 

‘ Fitzgerald, U. S. Pat. 650,234 and 650,235 (1900). 
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Carborundum has high thermal conductance which increases 
rapidly with the temperature. Its electric specific resistance 
drops from 50 ohms per centimeter cube at 25° C. to 0.65 ohm at 
1400°.^ Its coefficient of expansion is low (6.58 X 10“®). 

Though carborundum does not decompose in the furnace in 
which it is produced below 2220° C. it begins to oxidize in an oxi- 
dizing atmosphere at 1500°, and reduces metallic oxides at high 
temperatures. It is decomposed by iron and its slags and by 
lead oxide. Other metals have no action. It is attacked by 
sodium carbonate and alkali sulfates or hydrates, by sodium sili- 
cate at 1300°, slightly by magnesium oxide at 1800°, and by fused 
borax or fused cryolite. It is oxidized by fused lead chromate 
but not by fused potassium chlorate or nitrate. It forms silicides 
with numerous metallic oxides. Chlorine acts on silicon carbide 
at 1250° C. with formation of silicon tetrachloride ; at 1000° there 
is scarcely any action. During the war this was used for smoke 
screens.^ 

The density of silicon carbide 3.2. 

A new method of using carborundum has recently been devised, 
which consists in making a paste of carborundum powder and 
sodium silicate and painting this on firebricks.’ The proportions 
are 75 percent carborundum and 25 percent sodium silicate. A 
layer of about two hundredths of an inch is applied to the dry 
brick and is slowly burnt in. 

Fused alumina, made from purified bauxite' or from emery, 
is called alundum, aloxite, or lionite. It is made' in two forms, ^ 
a white crystalline product, with less than 1 percent of impurities, 
consisting of oxides of iron, titanium, and silicon, and a bro^vn 
product. The white product melts between 2050° anel 2100° C., 
the brown, not more than 50° lower. 

Bricks made e)f this material have shown much longer life as 
furnace roofs than silica bricks, when not exposed to lime vapors 
such as occur in a basic-steel furnace slag. 

Two allotropic forms of aluminum oxide are known.® The 
a form is the same as the mineral corundum, the second is known 
as the jS form. The a form is the form made in electric furnaces. 

‘Min. Ind. 22, 10 (1913). 

» Hutchins, Tr. Am. Electroch. Soc. 35 , 309 (1919) ; U. S. Pat. 1,271,713 
(1918). 

» Chem. Met. Eng. 24 , 1070 (1921). 

* Saunders, Tr. Am. Electroch. Soc. 19 , 333 (1911). 

» Sosman, J. Ind. Eng. Ch. 8, 985 (1916), 
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The ^ form has been patented, but has not yet found any inipor* 
tant industrial applications.^ 

Bauxite is very refractory, but must be almost completely 
calcined before it can be used for furnace lininji, or it will shrink 
excessively; but calcination destroys its plasticity, and it is 
therefore not often used in electric furnaces.^ Bc'foro calcining 
it analyzes 60 percent alumina, 30 percent water, and 10 percent 
iron oxide and silica.^ 

Only one crystalline form of magnesia is known. Its melting 
point is given by different observeivs from 1910° to 2800° V.* 
Fused magnesia, either in bulk or as bricks, is used for th(' bottoms 
of basic opem-hearth furnaces and of basic electric-steel furnaces. 
One bad property of magnesia bricks is that they crack when 
heated rapidly to a high temperature. A magnesite lining may be 
made only of brick dipped in heated tar just before laying in place, 
or the brick may be covered with ground magnesite which is then 
heated to a temperature high enough to mak(‘ it plastic and is 
worked into a smooth surface with long iron spoons. Tliis gives 
the best lining but it is not always convenient, in which case a 
binder is used. This may be hot tar, about 10 percent by weight, 
or water-glass, or a mixture of 100 parts of fused magnesia, 12 
parts of fire clay, and 1 part of borax, all w('ll mixed and wet 
with about 7 parts of a solution of glucose in water. This should 
be dried slowly. 

Two important sources of magnesite are Styria in Austria, 
Greece, and the states of Washington and California. From 
these sources it is between 83 and 86 [X‘rc(mt i)ure ; the rest is 
oxides of manganese, calcium, aluminum, and iron.^ 

Spinel, MgO • AloO.i, melts at about 2130° C. Bricks of this 
material give better service than magnesia for doorsills of charging 
doors.® 

Silica exists in the three principal forms of quartz, tridymite, 
and crystobalite. Quartz melts below 1470°, crystobalite at 1625° 
C.7 

* Private communication from Mr. L. E. Saunders, Norton Co., Worcester. 

* Bureau of Mines Bull. 77, p. 33 (1914). 

‘Met. Chem. Eng. 8, 107 (1910). 

' Goodwin and Mailev, Phy.s. Rev. 23, 22 (1906), 1910®; Le Chatelier and 
Bogitch, C.r. 166, 488 (1917),* 2400®; Sosman, J. Ind. Eng. Ch. 8, 985 (1916), 
2800®. 

‘ McDowell and Howe, J. Am. Ceramic Soc. 3, 185 (1920). 

«Chem. Met. Eng. 23, 770 (1920). 

^ Sosman, J. Ind. Eng. Ch. 8, 985 (1916). 
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Three kinds of silica bricks have to be distinguished : ^ (1) With 
high silica content and with only lime as binder. These are called 
English dinas, lime dinas, and in America, ganister. (2) With 
lower silica content and clay as a bond, in England called 
ganister, in Germany, German dinas, and in America quartzite. 
(3) Natural dinas bricks, moulded direct from natural rock of 
mixed quartzite. 

These bricks expand considerably on heating, due to the in- 
version point of quartz at 575° C., which is accompanied by a 
volume increase in passing from the low to the high temperature. 
This also has the effect of disintegrating the bricks if heated and 
cooled repeatedly by this point. Silica })ricks are good heat 
insulators and are used for electric-furnace roofs. 

Dolomite is a limestone with a large percentage of magnesia, 
CaMg(C 03 ) 2 . When burnt and ground so that the largest pieces 
are not over 10 millimeters, it is mixed with 7 to 10 percent of hot, 
dry tar and is at once put in place. 

Chromite bricks are made from chrome-iron ore, containing 
38 to 40 percent Cr 203 .* This has a melting point of about 2180° 
C. and is therefore difficult to sinter. For this reason it will not 
withstand mechanical abrasion and is therefore not suited for fur- 
nace bottoms, but only for walls where there is no mechanical wear. 

Ordinary firebrick are made of kaolin, H4Al2Si20i>, ^vith a certain 
amount of extra silica, which lowers the melting point to about 
1630° C., that of kaolin being 1820°.* 

Diatomaceoiis earth , infusorial earth, or kieselguhr, are different 
names for the silicified remains of small animal organisms, con- 
sisting of minute hollow shells. These small air cavities make it 
an excellent heat insulator. 

Nonpareil bricks, made by the Armstrong Cork and Insulation 
Company, having ten times the thermal resistance of ordinary 
firebricks are made from diatomaceous earth with a little fireclay 
and finely ground cork, molded into brick form and fired. The 
cork is burnt out, leaving the brick very porous. The standard 
size, 9 X 4.5 X 2 inches, weighs only 1.5 pounds. They will 
stand a temperature of about 960° C. without alteration. 

Sil-o-cel bricks are blocks of diatomaceous earth, just as taken 
from the mines, cut to the proper shape. They are used for the 
outer walls of furnaces. 

' F. T. Havard, Refractories and Furnaces (1912). 

* Bureau of Mines Bull. 77, p. 34 (1914). 

•Thorpe’s Dictionary of Apylied Chem, 3 , 203 (1922). 
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Table 45. Electrical Resistance of Refractory 
Brick in Ohms per Centimeter Cube 


Dboreeo 

C. 

MAaNESIA‘ 

Chrome* 

Silica* 

Fire* 

1 Cahbo- 

' RUNDUM* 

Alundum* 

20 





! 50 


628 







600 




21,000 

1 14.6 


700 




17,000 


16 Meg. 730° 

800 


2800 


13,000 

7.8 


900 


760 


9,000 


5.3 Meg. 892° 

1000 

1 

420 


6,600 

3.7 

1.8 Meg. 1020° 

1100 


430 


4,400 



1200 

1 

4.50 


2,300 

1.3 


1300 

6200 

410 

9700 

1,300 



1400 

420 

320 

2400 

690 

0.65 


1500 

55 


710 

280 



1550 

30 


22 

60 



1565 

25 


18 





Table 46. Specific Heat of Refractory Brick 


(Quoted by Howe, Chem. Met. Eng. 23 , 1215 (1920).) 


Kind or Brick 

At 100* C. 

At 1000* C. 

Fire 

0.199 

0.253 

Silica 

0.219 

0.298 

Magnesia 

0.231 

0.324 

Alundum 

0.198 

— 

Carborundum 

0.186 

0.31 at 985° 


Table 47. Thermal Conductivity of Refractory Brick at 1000° C. in 
Gram-calories per Second per Deoree per Centimeter Cube 

(Quoted by Howe, Lc., table above.) 

Fire-clay Silica Maunehia Chrome Carborundum 

0.0039 0.0044 0.0079 0.0067 0.023 

^ This column from Stansfield, McLeod, and McMahon, Trane. Am. Elec- 
troch. Soe. 22 , 89 (1912). 

* This column from Tone, Min. Ind. 22 , 10 (1913). The results of Hart- 
mann, Sullivan, and Allen, Trans. Am. Electroch. Soc. 38, 279 (1920) are 
many thousand times larger. 

* This column from the Norton Company’s catalog, quoted by Howe, Chem. 
Met. Eng. 23 , 1215 (1920). 
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The Calculation of Heat Loss through Furnace Walls, — li H 
equals the number of calories conducted in one second through 
a wall of cross-section 8, thickness /, and siwific conductance k, 
when the difference in temperature of the two opposite faces is 
- U and no heat is lost through the ends of the walls, then 

H = ( 1 ) 

In the case of a furnace, the cross-section of the wall is not con- 
stant, but increases from the inner to the outer suiface. It is 
only when the walls are thin compared to th(‘ diameter of the 
furnace that it is allowable to use the arthmetical or geometrical 
mean of the inner and outer surfaces for S in formula (1). 

The exact calculation of the quantity corresponding to 8/1 
in formula (1), called the shape factor, can be carried out tor 
spherical furnaces, with the result : 


fj - - h) 


( 2 ) 


where D is the outer diameter, d the inner, and 1 is the thickness 
of the wall. For the curved surface of a long cylindrical furnace, 

fj = 2 wkLik- U) ^ 

2.3 log,„^ 
d 

where L is the length, D and d the diameters. Taking into 
account the two ends by using the geometrical mean of the inner 
and outer end areas, which is of course an approximation, the 
entire heat loss would be : 


H = 


2 TrkL{t2 — U) 

2.3 log.o^ 
a 


kOdi h - <i) 

•* o ; 


( 4 ) 


where I is the thickness of the end walls. The longer the furnace 
in proportion to its diameter, the smaller will Ix’ the effect of the 
second term, and the more accurate the formula. 

An absolutely exact formula cannot be derived for rectangular 
furnaces, but the following approximate formula fcjr the shape 
factor has been determined : ' 

Shape factor = y + 

‘ Langmuir, Adams, and Meikle, Tr. Am. Ele^troch. Soc. 24, 1 (1913). 
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where A is the total inner area, t is the thickness of the wall, and 
SZ is the sum of the lengths of all the inner edges. The last 
term takes account of the four corners. This formula applies only 
if all three inner dimensions are greater than i Z, which is prac- 
tically always the case in electric furnaces, so that it is not neces- 
sary to consider here the other cases taken up in the article referred 
to. The shape factor may be determined experimentally for 
bodies of any shape by constructing small models of copper and 
glass and determining the electrical resistance of a saturated 
copper sulfate solution placed in them. 

The following example illustrates the use of formula (5) 
for a rectangular, electrically heated furnace, of inside dimensions 
8 X 10 X 20 inches, with walls 8 inches thick. A is calculated 
as follows : 

2 X 8 X 10 = 160 
2 X 10 X 20 = 400 
2 X 8 X 20 = ^ 

A = total 880 

Therefore A/Z = 110. SZ = 4 X 8 + 4 X 10 + 4 X 20 = 152: 
0.54 SZ = 82 and the third term is 9.6, whence the shape factor 
is 201.6. If the shape factor is calculated from the arithmetical 
mean of the inner and outer surfaces, the result is 354, while the 
geometric mean gives 274. 

The calculation of the heat loss from an electric furnace also 
involves errors due to lack of knowledge of the values of the 
other two factors, the temperature difference and the thermal 
conductance of the walls. The temperatures of the inside and 
outside surfaces are not uniform, and an average value has to be 
assumed. The value of the thermal conductivity is also an average 
value, which may not represent the actual conditions. 

Heat Loss through Composite Walls. — In some cases it is 
desirable to have lining and the outer wall of different materials, 
each of uniform thickness, for the purpose of better insulation. 
An air space is not desirable.^ In a spherical or cylindrical 
furnace so constructed, the junction of two dissimilar substances 
would be isothermal surfaces and the resistance to the flow of 
heat of the composite wall would be the sum of the resistances of 
the different layers. The resistance to the flow of heat and its 
reciprocal, the conductance, may be called respectively thermal 
ohms and thermal mhos.* To illustrate this calculation assume 

^ Bureau of Mines Bull. No. 8, p. 19 (1912). 

* Bering, Met. Chem. Eng. 9, 13 (1911) ; 7, 11 (1909). 
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the following data for a spherical furnace whoso walls are made 
of two materials : 

di = inner diameter ; 

di = diameter of sphere formed by the surface of contact of the 
two materials ; 
di - outer diameter ; 

ki = thermal conductivity of the inner material; vi = X/k ^ ; 
ki = thermal conductivity of the outer material; r 2 = 1/A>; 
ti = temperature of outer surface ; 

<2 = temperature of contact surface of the two materials ; 

U = temperature of inner surface. 

The resistance to the flow of heat of the whole wall is 




n 


r2 


{shape factor) I {shape factor) i 

Till 

irdidz Trdada 


II = 


by equation (2), where U — ^{d^ — di) and h - i b /3 “ df). The 
value of R having been found, H is given by the equation 

R 

The temperature k of the contact surface of tlic two materiala 
may be found from H and the shape factor of either the inner or 
the outer layer: _ q _ /,) 

It may be desirable to know this temperature in order to tell 
whether the material of the outer layer is heated to a tcanperature 
too high for it at its inner surface. 

A similar calculation may l^e made for the cylindrical furnace, 
but for a rectangular furnace, in which the surfaces 0 / e ^ 
materials are not isothermals, the calculation would pro a y 

much less accurate. , . , _ 

Furnace Electrodes. - LarRC-size carbon electrodes are made 
from calcined anthracite. The details ' vaiy, but t le principa 
steps are the following ; calcining the coke to remove vo a i 
matter, grinding, mixing with hard and soft pitc , ar, an o , 

'Mantell, Chem. Met. Eng. 2T, 161 (>*’22) ; J- 

286 (1909); Clacher, Met. Chen. Eng, 9, 137 (1911) ; I he Carbon EUcIroOe, 

National Carbon Company, Inc. (1922). 
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the proportions depending on the character of the carbon required, 
molding into blocks under pressure, and forcing through dies of 
the required shape. These “ green ’’ carbons are packed in sand 
and baked at from 1000° to 1400° C. Carbons for graphitizing 
are made in the same way, except that the raw material is usually 
petroleum coke. Both carbon and graphite electrodes are threaded 
electrodes at the ends so that new electrodes can be joined to used 
electrodes by means of a threaded piece of smaller diameter and 
a joint compound to fill the space between the point contacts. A 
broken graphite electrode can be machined, but carbon electrodes 
are very much harder and arc usually not re threaded if broken. 
The resistance of a joint is equivalent to that of about a three- 
inch length of the electrode. ‘ 

The most recent development in the preparation of carbon elec- 
trodes is the Soderberg self-baking, continuous electrode, developed 
in Norway and recently installed at Anniston, Alabama.^ This 
electrode is made as follows : the mix- 
ture, consisting of finely ground coke, 
partially graphitized anthracite, tar, and 
pitch, is mixed at 80° C. and is packed 
in a casing of sheet iron 0.5 to 0.9 mm. 
thick, of the diameter of the electrode 
and forming a continuation of this which 
extends through a concrete floor placed 
a suitable distance above the furnace. 
This is where the work of joining new 
sections of electrode is carried out. As 
the electrode is eaten away these fresh 
sections of electrode mixture and con- 
tainers pass downward to the furnace, 
becoming gradually hotter, and are 
usually baked at a small distance above 
the electrode holder. This casing is 
prepared in sections and can be joined 
BAKING Continuous Elec- together as required by welding or rivet- 
trodb ing. It is melted off in the furnace with 

the electrode, but the amount is too 
small to have any effect on the furnace product. An electrode 
85 cm. in diameter carries 23,500 amp. corresponding to 4.5 
amp./sq. cm. Figure 151 shows a cross-section of the plant. 

* FitzGerald and Hinckley, Trans. Am. Electroch. Soc. 23 , 333 (1913). 

* Richards, Tr. Am. Electroch. Soc. 37 , 169 (1920) ; 38 , 351 (1920). 
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The electrical resistance of this electrode cold is 0.007 
ohm per centimeter cube, and the specific gravity is 1.5. Its 
advantages are that it increases the regularity of running electric 
furnaces, and obviates shut-downs which are necessary for 
changing the ordinary type of electrode. They are also less ex- 
pensive.^ 

The Proper Dimensions of Electrodes. — If an electrode is too 
small in diameter for the current it has to carry, there will be an 
excessive heating in the electrode itself, causing an unnecessary 
loss in energy and possible melting of the wall in which it is im- 
bedded; if it is too large, there will be too much heat lost by 
conduction from the interior of the furnace. The longer the 
electrode, the less heat will be lost by conduction, but the greater 
will be the loss due to the electric resistance. There must there- 
fore be a relation between the cross-section and the length of an 
electrode which will correspond to a minimum loss of power for 
any given set of conditions. This relation and the corresponding 
minimum power loss have been worked out by Hering,^ on the 
assumption that no heat flows from the electrode to the furnace 
wall, and that the thermal and electrical conductivities of the 
electrode are constant. These a.ssumptions are evidently only 
approximately true. Let 

S = cross-section of the electrode, 

L = length of the electrode, 

I = current of the electrode, 

r = electrical resistivity in ohms/cm. cul>e, 

k = thermal conductivity in gram-calories/cm. culx^, 

T = temperature difference between hot Jind cold ends, 

then for minimum power loss, 

S = 0.346 LI 

and the minimum loss in watts for one (‘lectrode == 2Mly/krf. 

In designing an electrode the length will l)e detennined by the 
thickness of the wall, and in Hering’s calculations the length is 
considered equal to the thickness. Any part that projects inside 
is considered part of the furnace. Open-top furnaces with the 
electrodes entering from above are not mentioned, but the length 

^ Sdderberg and Sem, Met, Chem. Eng. 26, 1178 (1922), 

* Trans. Am. Electroch. Soc. 16, 287 (1909); also Electrochem. Met. 
Ind. 7, 442 (1909). 
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may be taken as the distance from the electrode holder to the hot 
end, if the holder is near the top of the charge. The formula then 
gives the cross-section. 

For example, if the power input of a furnace is 500 kw. at 10,000 
amp. and the temperatures at the hot and cold ends of the elec- 
trodes are 1700° and 100° C. respectively, to find the minimum loss. 
For graphite electrodes assume r = 0.00082 and k = 0.29 . The 
minimum loss = 2.89 X 10,000vb.00082 X 0.29 X 1600 = 17.8 
kw. The minimum loss for the two electrodes is therefore 7 per- 
cent of the total input. Suppose the total length of the electrode 
is 150 cm. from the inner end to the water-cooled holder outside. 
The best cross-section would then be 

S = 150 X 0.346 X 10-000 = 690 sq. cm. 

corresponding to a diameter of 29.7 cm. 

Problem. — Calculate the ratio of the minimum losses for carbon 
and graphite electrodes for the same current and temperature 
using mean values of r and k. The hot and cold ends are at 900® 
and 100® respectively. See Table 48. 

. Minimum loss for carbon , « 

Ans. - - . , ^ = 1.2. 

Minimum loss for graphite 

That is, the minimum loss for carbon is about 20 percent greater 
than that for graphite. 

As electrodes come in stock sizes, great accuracy in the pro- 
portions cannot be carried out in general practice, and as far as 
concerns loss in energy it is not necessary. For carbon electrodes 
the conditions may be such that the diameter giving minimum 
loss would be too large to be practicable. In this case a larger 
electrode loss would be tolerated in order to make the electrodes 
of more convenient proportions. 

Bering has also proposed a method of determining the average 
values of k and r. If an electrode is imbedded in the same refrac- 
tory of which the furnace walls are made and a current is passed 
sufficient to maintain the center of the electrode at the desired 
temperature, then 


SE 


EIL 
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where S = cross-section of electrode, 

L = length of electrode, 

I = current, 

E = voltage, 

T = temperature difference l)etween the center and ends. 

The values in Table 48 have l)een obtained by this method.* The 
units are centimeters, gram-calories, ohms, and centigrade 
degrees. 


Table 48 


BrrwEEN 100“ C and 
Tempkrature Given 
Below 

GkvJ'HITE 

Cahkon 

float 

Conductivity 

Electrical 

IteaiMtivily 

Heat 

Conduct ivitv 

Electrical 

UcHiHtivity 

900^^ 

0.291 

0.000820 

0.129 

0.00276 

390“ 

0.339 

0.000838 

— 

— 

360“ 


— 

0.0890 

0.00422 


The accuracy of these figures is estimat(‘(l at a few percent. Later 
measurements by Hering ^ gav(* results from which the following 
Table 49 has been computed. The values of hciit conductivity and 
for electrical resistivity are for centimeti'r cubes. 


Table 49 


Temperature, C." 

Heat Conductivity 

1 

KlECTHICAL Kb8I8T1VITT 

Hot End 

Cold End 

1 


1 Carbon 

300 

40 

0.0891 

0.00422 

701 

50 

0.124 1 

0.(K).381 

902 

60 

0.130 1 

0.00377 


1 

Graphite 

355 

1 66 

0.3.39 1 

0.000837 

516 

70 

0..325 

0.(X)0827 

707 

87 

0,309 

0.000802 


The following data were obtained by Hansen.^ The units 
are the same as in the table above. 


^ Tr. Am. Electroch. Soc. 16 , 315 fl909). 
»Tr. Am. Electroch. Soc. 17 , 166 (1910). 
sTr. Am. Electroch. Soc. 16 , 329 (1909). 
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Table 50 


Tbmpkrature 

Achehon Graphite 

N \Tio.\AL Carbon Co. 'a Electrodes 

Heat 

Conductivity 

1 

Eleetrual 

RoBiHtivity 

Heat 

Conductivity 

Electrical 

Hc.HiHtivity 

25 

Between 

— 

0.00006 to 
0.00260 

— 

0.00287 to 
0.0254 

3200 and 200 

— 

0.00081 

— 

— 

2830 and 30 

0.155 

— 

— 

— 

3500 and 30 

— 

— 

O.Ol.'iS 

— 


The ebctrical and thermal conductivities of carbon electrodes 
cannot be determined above 1600°, because on coolinj^ the values 
do not come back to the original ones, due to a partial conversion 
of the carbon into graphite. ‘ A 1911 catalog of the Acheson 
Graphite Company gives the electrical conductivity at room tem- 
perature of graphite as 0.000126 ohm/cm. cube ; of non-graphitic 
carbon, 0.000488 ohm. 

Besides the loss in the electrode itself, a large loss occurs at the 
contact between the electrode and the cable, due to the contact 
resistance. This resistance varies with the current density, and 
where brass clamps are used on graphite it amounts to 0.0117, 
0.0045, and 0.0039 ohm/sq. cm. for current densities of 3.7, 5.6, 
and 7.4 amp./aq. om} 

The values of the thermal conductivity of graphite in Table 51 
are true values at the temperatures given, not mean values l)e- 
tween widely different temperatures. The temperature coeffi- 
cient differs from the results given above by being positive. 


Table 51. Thekaial Conductivity of Guaphite 


Deoreeb, C. 

Gram-Cai.orieh per Centimeter 
Cube per Degree per Second 

79 

0.0371 

142 

0.042G 

261 

0.0783 

292 

0.0919 

423 

0.1655 

535.5 

0.2,583 

555 

0.279 


‘ Tr. Am. Electroch. Soc. 16, 329 (1909). 
* Icole, Ann. Chim. Phys. 26, 137 (1912). 
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The specific resistances of different kinds of granular carbon 
have been measured by Wilhams and Shuck.* A few of their 
results are the following : 



Size, 

NCHE9 


Ohms per 
Centimeter Cube 

Material 

Parsing 
Screen with 
Square 
evenings of 
Following 
Size 

Held on 
Serwn with 
Square 
evenings of 
Following 
Size 

Ash 

Content 

20“ C. 

1000“ C. 

Acheson graphite . . . 

0.5 

0.25 

0.25 

0.069 

0.033 

National carbon . . . 

0.5 

0.375 

0.45 

0.51 

0.35 

National carbon . . . 

0.25 

0.125 

0.45 

0.95 

0.37 

Retort carbon .... 

0.5 

0.25 

2.0 

0.50 

0.33 

Charcoal 

0.5 

0.25 

2.5 

0.16 

0.043 


It was also found that the temperature coefficient approaches zero 
at 1000° to 1200° C. and then becomes positive. According to 
FitzGerald, at still higher temperatures, it again becomes negative. 

The discussion so far has been for the case that the dimensions 
of the furnace and the power to be applied in order to bring about 
a desired result are known. If these are not known, an experiment 
would usually be mad(' on a small scale in order to determine the 
relation Ixdwc'en the size of furnace and the pow(‘r. There are two 
cases to be considered, (1) wh(*n there is a central core for carrying 
the current, and (2) when the charge to l)e heated itself carries 

In the first case the heat has to be conducted from the core to 
the surrounding charge.^ The rate of this flow is proportional 
to the difference in temperature of the core and the surrounding 
charge, the thermal conductivity of the charge, and the surface 
area of the core. If heat is generated in the core at a given rate, 
the temperature to which it will rise in a given time will depend 
on the specific heat of the core and the rate at which the heat flows 
into the surrounding charge. This rate of flow depends on the 
area of the core and the conductivity of the charge. Suppose that 
to bring about the desired reaction in a given charge with a core 
of a given material experiments are made with a small furnace 
until the conditions are found under which the desired reaction 
is brought about. This means that a definite amount of heat must 

> Tr. Am. Electroch. Soc. 42 , 181 (1922), and the discuasion following. 

‘FitzGerald, Electroch. Met. Ind. 2 , 342 (1904). 
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pass per unit surface of the core, which is a constant for these 
materials and is independent of the dimensions. If the voltage 
is E and the current /, the energy in watts per unit surface is 
El 

o> = - — —y when P is the radius and L the length of the core. 
Z irrL 

Collecting the constants in one factor, this may be written 
PL = AEI. If r is the specific resistance of the core, we also have 
E tIj Ij 

Y — ~ ^ furnace of any other dimensions 

Li and Pi, the voltage and current Ei and h are given by the equa- 


tions PiLi = AEJi and these equations we 

h P 1 

Could solve for the new values Ei and 7i, if Li and Pi are given. 
Usually, however, the power is given, and the proper dimensions 
Li and Pi are desired. Solving for these quantities. 


and 



The following is an example of the use of these formulae. It 
was desired to design a 2()0-kilowatt furnace using a current of 
4000 amperes and 50 volts. Experiments on a small scale showed 
that the right conditions were obtained with 200 amperes at 100 
volts and a core 305 centimeters long and 5.1 centimeters in radius. 
From these values the profx'r length and radius for the large 
furnace are found to be 495 centimeters and 37.6, respectively. 

For the second case, where the current passes through the 
charge itself, it is simply necessary to know the amount of heat 
required to raise a given mass to the desired temperature, that is, 
the number of watts per unit mass. If the specific heat of the 
charge is known, this can be computed ; if not, an experiment on a 
small scale with a given mass will determine the energy required. 

Where large currents are used, the power factor is made as large 
as possible by interlacing the leads from the transformer to the 
furnace and the circuit is made as short as possible, thus giving 
the minimum amount of inductance.^ 

Regulators. — Electric-arc furnaces are often supplied with 
automatic regulators, which control electric motors that raise or 


1 For a method of interlacing, see Yardlcy, Chem. Met. Eng. 26, 322 ( 1922 ). 
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lower the electrodes in such a way as to keep the power input as 
constant as possible. Large fluctuations in power are, however, 
not ehminated by regulators. Where these are not used, an arc 
furnace requires constant personal attention, and the switches 
controlling the motors are thrown one way or the other as required 
by the indications of the ammeters. The Thury regulator is 
made by the Westinghouse Electric and Manufacturing Company, 
and the Seede regulator by the General Electric Company. Each 
electrode requires a separate regulator.^ 

Uniformity of Temperature in Electric Furnaces. — If the 
charge consists of a good conductor or of a liquid, the conductivity 
or the circulation produced by electrodynamic forces will keep 
the temperature fairly uniform. In case the charge is a solid 
and not a good heat conductor, it will be more difficult to maintain 
a uniform temperature, especially if the current is carried by a 
core. When equilibrium is reached, the rate at which the temper- 
ature falls off from the center to the walls will be lower, the lower 
the thermal conductivity of the walls. If a granular charge 
carries the current and the charge is under a varying pressure, as 
it would be in a vertical, cylindrical furnace with one electrode at 
the top and the other at the bottom, on account of the weight of 
the charge pressing on the lower portion, the temperature might 
be considerably higher at the top than at the bottom. This is due 
to the fact that the resistance of this kind of conductor is lowered 
by pressure. 

If it is desired to heat a non-conducting charge without the use 
of a core, this may be done by mixing the charge with a good con- 
ductor, ^ such as gas carbon. If the gas c.'irbon and the charge are 
in different sizes, they may be separated after heating by sifting. 

Laboratory Furnaces. — It may be useful, before closing this 
general discussion, to describe a few furnaces suitable for laboratory 
and research work. 

Figure 152 represents to scale an arc furnace that has been used 
for several years at the Massachusetts Institute of Technology 
for making calcium carbide and ferroalloys, and for research work. 
The base is made of half-inch boiler plate, with steel rods inserted 
for making good contact with the carbon-bottom electrode. This 
is made by ramming in ground coke mixed with tar. The coke 

* Rodenhauser, Schoenawa, and vom Baur, Electric Furnaces in the Iron 
and Steel Industry, p. 102 (1920). 

*Shoeld, U. S. Pat. 1,317,327 (1919); Thompson, Met. Chem. Eng. 26 , 
124 (1922). 
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Fio. 162. — Ladoratory Arc Furnace ; 20 
TO 50 KiLowArrs 


should be mixed with some 
graphite or gas carbon to 
give it better conductivity. 
A wooden mold may be 
used to give the bottom 
the shape of a crucible. 
The walls are firebrick, 
usually not cemented, and 
held in place by angle irons. 
The tops are made to order, 
and consist in two pieces 
2 in. thick, so that, when 
put together, they form a 
plate 17.5 in. square with a 
2i-inch hole at the center. 
Usually 600 to 700 amp. 
at 40 volts are used, but 
sometimes as much as 1500 
amp. 

For heating large cruci- 
bles, the Hoskins Manu- 
facturing Company makes 
convenient furnaces in dif- 
ferent .sizes, in which the 


heat is developed in carbon 
plates placed on two sides of the cavity. The power input is regu- 
lated by the pressure on the plates. The inner walls of the fur- 


nace are carborundum plates 
about 2 inches thick. One of 
these furnaces is shown in Figure 
163. Dixon graphite crucibles 
are convenient for use in this 
furnace for ordinary purposes, 
but if the charge should not 
come in contact with carbon, a 
crucible can be made by drilling 
out an Acheson graphite elec- 
trode of the desired size and 
lining it with ground magnesite 
moistened with a solution of mag- 
nesium chloride as a binder. 
This is well dried before using. 





Fia. 153. — Hoskins Resistance Fur- 
nace 
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Fio. 154. — Booth Arc Furnace 
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An arc furnace, shown in Figure 154, capable of holding 200 lb. 
of steel, is made by the Booth Electric Furnace Company of 
Chicago. The 2-inch graphite electrodes can be passed through 
the roof, forming two arcs with the charge, or the electrodes can 
be passed in through the sides, as in Figure 140, for melting non- 
ferrous metals. The furnace mouth is in line with the electrodes 
when in the vertical position. 

Induction furnaces holding 50 lb. of iron can be obtained, taking 
18 to 20 kw. Annular graphite and clay-mixture crucibles are 
used. This size furnace is easily started by placing on the cover 
and passing the flame from a large blastlamp through it for three 
hours. When it has Irecome red hot 20 lb. of cast iron are poured 
in. After heating for a while elec- 
trically the crucible can be filled by 
adding solid cast iron. Steel is of course 
much more difficult to melt. 

The Northrup high-frequency fur- 
nace, described on page 385, is prin- 
cipally a laboratory furnace, and 
.should be included here. 

1'he Arsem vacuum furnace, shpwn 
in Figure 155, is made by the General 
Electric Company in different types 
and sizes. The small laboratory size 
is rated at 15 kw. With a good 
vacuum 3000° C. may be reached, but 
at this tern p(‘rat lire the heating coil 
vaporizes rapidly and lasts for only 
an hour or two. In place of using 
Fio. 155. “ Vacuum this fiimace with a vacuum, it may be 
filled with some non-oxidizing gas, such 
as nitrogen or hydrogen. The presence of a gas lowers the tempera- 
ture produced by any given power input. This furnace is used 
principally for research, but a larger size holding a crucible 10 in. 
high and 4 in. in diameter is built for commercial or for research 
work. A horizontal vacuum furnace made by the General Elec- 
tric Company is called the box type. The heater consists of four 
graphite grids, made by sawing slots in graphite slabs 18 in. long 
by 5 in. wide by J in. thick. The crucible is box-shaped, 4 in. 
wide, 12 in. long, and 8 in. high. The temperature limit is 
1700° C., while for the large size vertical furnace this limit is 
2500° C. Numerous other vacuum furnaces have been devised, 
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but the Arsem furnace seems to be the only one that can be 
bought ready for use.^ 

For a lower range of temperature a convenient type of furnace 
consists in a tube or muffle wound with a tape or wire of a metal 
of high melting point, through which a current is sent, as in Figure 
156. The winding 
may be covered 
with a layer of 
alundum cement 
(made by the Nor- 
ton Company of 
Worcester) for pro- 
tection f rom the air, 
and is then sur- 
rounded with a thick layer of insulating material, such as asbestos- 
magnesia mixture. These furnaces can be improvised as needed 
or bought ready made. The Hoskins Manufacturing (’ompany 
makes a number of such furnaces. Before platinum became so 
expensive, it was frequently used as the metal winding, but at a 
little above 1000° C. it vaporizes appreciably. For temperatures 
up to 1000° C. a chromium-nickel alloy called nichromc ” is now 
commonly used. Temperatures up to 1600° C. can be obtained 
by using tungsten or molybdenum wire (made by the General 
Electric Company) wound on alundum tubes. One of these tubes 
is placed in an iron box with its ends projecting a sufficient dis- 
tance to be cooled, the box is then filled with fine silica for insu- 
lation and hydrogen is passed through the box to prevent oxida- 
tion of the wire. The hydrogen escapes through an exit tube 
provided in the box and also diffuses through the walls of the tube 
and comes out its ends, where it is biirnt.*'^ 

It is not often necessary to regulate laboratory furnaces of this 
kind automatically, but a regulator consisting of an air ther- 
mometer has been used by Bodenstein and Kranendieck.® 

A convenient resistance furnace for research work that can be 
constructed at small expense consists in a trough of crushed coke 
in which a graphite crucible is imbedded. The trough may be 

* Osterheld, Z. Elektroch. 21, 54 (1015) ; Wolf and Mueller, Z. Elektroch. 
20, 1 (1914); Ruff, Z. Elektroch. 20, 177 (1914); hiRh-pressure furnace. 
Hutton and Petavcl, Phil. Trans. A, 207, 421 (1908) ; Weintraub, mercury- 
arc furnace, U. S. Pat. 997,882 and 997,883; Arsem, Tr. Am. Electroch. Soc. 
9, 147 (1906). 

* Winne and Dantsizen, Tr. Am. Electroch. Soc. 20, 287 (1911). 

»Z. Elektroch. 18, 417 (1912). 



Fig. 156. — Tube Furnace 
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constructed of firebrick, which may be placed in an iron box to 
hold them securely. Graphite electrodes are imbedded in the 
two ends of the trough and the top should be covered. The ends 
of the iron box must have openings cut for the electrodes. Asbes- 
tos collars prevent the coke from falling out. 
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CHAPTER XVIII 


PRODUCTS OF RESISTANCE AND OF ARC FURNACES 

Calcium Carbide. — The discovery of calcium carbide is due to 
Wohler/ who prepared it by the action of carbon on an alloy of 
calcium and zinc. E. Davy had also produced it in an impure 
state without identifying it.^ The commercial importance of 
calcium carbide, however, dates from its rediscovery by Thomas 
L. Willson,^ which was nearly simultaneous with that of Moissan 
(1892). 

The reaction between lime and carbon by which calcium carbide 
is produced is the following : 

CaO + 3 C CaCs + CO - 125,000 cal. 

As indicated, this is a reversible reaction, and according to the 
phase rule has one degree of freedom ; that is to say, at a given 
temperature there is one definite pressure of carbon monoxide 
which corresponds to equilibrium. At 1475® C. this pressure has 
been found to be 0.82 millimeter of mercury.'* Above 1500® cal- 
cium carbide decomposes into its elements, but of course not as 
rapidly as it is produced, otherwise its manufacture would be 
impossible. 

The fact that heat is absorbed when the above reaction proceeds 
from left to right shows that the equilibrium pressure of carbon 
monoxide increases with the temperature, and it can be calculated 
that at about 1840° the pressure equals one third of an atmosphere. 
In actual practice, however, the partial pressure of carbon monox- 
ide is more than one third of an atmosphere, in which case carbide 
could be formed at a higher temiDcrature. Taking these facts 
into consideration, it does not seem probable that 2000° C. is 
exceeded in actual practice, for high temperature would accelerate 
the decomposition of the carbide already formed. This explains 

^ Ann. d. Chem. und Pharm. 124 , 220 (1862). 

* Lieb. Ann. 23 , 144 (1837). 

* ivewes, Acetylene, p. 24 (1000). 

* Thompson, Proc. Am. Acad. 46 , 431 (1910) ; also Met. and Chem. Eng. 8, 
327 (1910). 

4U 
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the fact that a resistance furnace, in which the temperature is lower 
than in the arc, ^ives bettor yields than an arc furnace ^ in small- 
scale work. It is doubtful whether this would hold in large fur- 
naces. 

There is also a decomposition according to the reaction : 

OdC^^CsiC C 

taking place above 1000° C.^ This subcarbide does not react 
with water but does absorb nitrogen, and consequently its exist- 
ence as an intermediate product in the formation of calcium 
cyanide seems probable. 

Commercial calcium carbide is dark colored and crystalline but 
if pure it is colorless and transparent.^ It has a density at 18° 
of 2.22, and is insoluble in all known solvents. It is a powerful 
reducing agent. If heated with metallic oxides, it gives, according 
to circumstances, an alloy of the metal in question with calcium 
or the metal itself, probably according to the reaction : ^ 

3 M 2 O 4- CaC 2 = CaO + 3 M 2 + 2 CO, 

5 M 2 O -f- CaC 2 = C'aO -f" 5 M 2 ~h 2 CO 2 , 
or 2 Si02 “h 2 SiC -|- CaC 2 = Si 4 Ca -h 4 CO. 

The melting point of pure calcium carbide is not known, but 
the commercial product of about 80 percent purity melts near 
1800° C.4 

The chief uses of calcium carbide are the production of acetylene 
according to the reaction 

CaC 2 + 2 H 2 O = Ca(OH )2 -f C 2 H 2 , 

and for the fixation of nitrogen as calcium cyanamide. Acetylene 
is used for illumination, for cutting and welding by the oxyacety- 
lene blast lamp, and as the starting point for the production of 
organic compounds, such as acetic acid and acetone.^ 

Materials Used in the Manufacture of Calcium Carbide . — The 
raw materials for carbide manufacture arc carbon in the form 
of charcoal, anthracite, or coke, and lime. These are broken up 

^ Tucker, Alexander, and Hudson, Trans. Am. Electrochem. Soc. 16 , 411 
(1909). 

*Erlwein, Warth, and Beutner, Z. Elcktroeh. 17 , 177 (1911). 

* Al)egg, Unndhuch d. nnnrg. Ch, 2, part 2, p. 121 (1905). Reaction for 
SuCa communicated by Mr. O. Hutchins. 

* Lampen, J. Am. Ch. Soc. 28, 851 (1906). 

® Chem. Met. Eng. 21 , 578 (1919). 
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into pieces varying in diameter from one to four inches and mixed 
before shoveling into the furnace.^ 

Since charcoal contains only about 56 percent of fixed carbon, 
with 28 percent of volatile carbon and 14 percent hydrogen and 
oxygen, and since a large part is lost as dust, only about half the 
weight purchased enters the furnace in a usable condition. It 
requires large storage space, is expensive, and uses up a large 
quantity of electrode carbon. On the other hand, a higher output 
is obtained than with coke or coal; on account of the small ash 
content the purity of the product is the highest possible, and its 
low electrical conductivity facilitates the furnace operation. In 
spite of these advantages it has been nearly 'universally abandoned 
on account of its expense. 

Anthracite is the only kind of coal that has been found satis- 
factory. Its ash content should not exceed 4 percent. The 
sulfur is not usually a serious impurity, bc'cause it is easily volatil- 
ized in the furnace. It may be present, however, in such a form 
that it goes into the carbide and thence tf) the acetylene, where it 
shows its presence by stopping up the burners or by the damaging 
effect of sulfur dioxide on the materials in the room where the 
acetylene is burnt. 

Phosphorus is the most serious impurity in anthracite. While 
the upix^r limit for it as an impurity is given l)y some as 0.02 j)er- 
cent, Bingham says that it is safe to use anthracite or coke con- 
taining 0.04 percent phosphorus if the limestone contains only 
traces. Phosphorus appears in acetylene as phosphine. 

The best grade of coke is called foundry coke, the second grade, 
blast-furnace coke. The principal disatl vantages of coke for 
carbide manufacture are the high ash and moisture content. The 
ash should not exceed 12 i)ercent, and is usually at least S percent. 
The moisture is usually about 6 ixrcent, but coke is always dried 
before use. The advantages of coke are that the furnaces start 
more easily and work more easily than with anthracite, and the 
electrode consumption is less. Coal often contains iron pyrites, 
which may produce as much as 2 percent iron oxide in the coke. 
This results in the formation of fcrrosilicon in the furnace, with 
the silicon from the lime. In ingot furnaces fcrrosilicon remains 
distributed through the carbide and causes no trouble, but in 
tapping furnaces it collects at the bottom and from time to time 
runs out with the tapped carbide. If it escapes detection and 

* Bingham, The Manufacture of Carbide of Calcium^ p. 60 (1916) ; Asken- 
asy’s Technische Elektrochemie, 1, 14 (1910), 
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removal, it appears as a residue in the used carbide and gives 
excuse for complaint, and it may cause an explosion by a spark 
produced by two pieces striking together in a drum of carbide. 
This danger, however, is considered rather remote. 

Both the physical properties and the purity of limestone are 
important in determining its fitness for carbide manufacture. The 
structure of limestone should be such that it does not crumble on 
burning, for dust results in loss in the furnace. 

The impurities in limestone to be considered are magnesia, 
alumina, silica, phosphorus, and sulfur. Limestone loses nearly 
half its weight in burning, consequently the quantity of impurities 
in burnt lime will be nearly double that in the limestone. In 
addition to the troubles mentioned below, impurities cause waste 
in power. 

Limestone suitable for carbide should be at least 97 percent 
pure calcium carbonate. As much as 1 percent magnesia may be 
present with the production of good carbide, but it interferes with 
the furnace operation, especially in tapping furnaces, by reducing 
the fluidity of the carbide. To avoid this the limestone should not 
contain more than 0.5 i)ercent magnesia. 

Alumina causes less trouble than magnesia, though it also 
decreases the fluidity. It also forms nitride, which results in 
ammonia in the acetylene. Helfenstein ^ gives 2 percent as the 
maximum allowable amount of magnesia and alumina together in 
limestone. 

The presence of silica in limestone lowers the fusion temperature, 
therefore it increa.ses production and facilitates the operation 
of tapping furnaces. However, if there is as much as 2 percent 
silica in limestone and the percent of magnesia is also high, the 
carbide when treated with water decomposes with great rapidity, 
producing a high temperature and consequent decomposition of 
acetylene. The carbon thus set free stops up the pipes and burners. 
This applies only to those generators in which a small quantity 
of water is brought in contact with carbide. If silica is intimately 
mixed with iron oxide, as it is in coke, a larger percentage is allow- 
able, because it is removed as ferrosilicon, but silica in limestone 
does not form ferrosilicon easily. Therefore limestone should 
not contain more than 1.2 percent silica. 

The amount of phosphorus allowable in limestone depends on 
that in the carbon used, but should in general not exceed 0.004 
percent. 

‘ See Askenasy’s Technische Elektrochemie, 1, 15 (1910). 
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Sulfur seldom occurs in limestone except in negligible amounts. 

The following summary of the maximum quantities of impurities 
permissible in limestone for carbide is given by Bingham : 0.5 
percent magnesia, 0.5 percent alumina and iron oxide, 0.004 per- 
cent phosphorus, 1.2 percent silica, and only traces of sulfur. 

The electrode consumption depends on the kind of carbon used 
in the charge. It is greatest for charcoal and least for coke ; an- 
thracite consumes about 50 percent more than coke. Bingham 
gives the following electrode consumption per 1000 kg. of carbide 
in a 250-kw. furnace : with charcoal, 92 kg. ; with coke, 16.8 kg. ; 
with anthracite, 26.4 kg. 

Hclfenstcin gives the following table of consumption of raw 
materials for 1000 kg. of packed carbide, made in a tapping fur- 
nace : 


Coke 

or Anthracite 
pr Charcoal 
Lime 

Electrodes 


600 to 700 kg. 
640 to 700 kg. 
800 to 950 kg. 
920 to 1050 kg. 
10 to 40 kg. 


Calcium-Carbide Furnaces. — Calcium carbide is made in arc 
furnaces from which it is removed either as a solid ingot or by 
tapping while liquid. These arc called 
in^ot furnaces and iappiruj furnaces re- 
spectively. The original furnaces used 
by the Union Carbide Company at 
Niagara Falls, shown in Figures 157 and 
158, were of the ingot type. The lower 
electrode was a small car which could be 
removed when filled. 

The Horry rotary continuous furnace,^ 
introduced in 1898 but since given up, 
is shown in Figure 159. It consisted 
of an iron wheel 8 feet in diameter and 
3 feet in width with an annular-shaped 
space around the circmnference in which 
the carbide was formed. The electrodes 
projected vertically down into this space. 

As carbide formed it was removed from 
the electrodes by the rotation of the 

wheel, and was removed when diametrically opposite the elec- 
trodes. This gave sufficient time to cool, since the wheel 
^ Richards, Electrochem. Ind. 1, 22 (1902). 



Fio. 157. — Section OF First 
Carbide Furnace Used 
AT Niagara Falls 
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Fig. 158. — Section op 
First ('arbide Furnace 
Used at Niagara Falls 


made only one complete revolution a day. Iron plates around 
the circumference of the wheel held the 
carbide in place while under the action 
of the current. These had to be removed 
before cracking off the carbide. Each 
furnace took 3500 amperes at 110 volts 
and produced 4000 pounds of carbide a 
day. 

At present carbide furnaces are always 
of the tapping variety with a capacity of 
5000 to 20,000 h.p. They are usually three- 
phase. The electrodes aie arranged in 
two ways: (1) all suspended from above, 
as in Figure 160, or (2) the bottom may be 
the third electrode. These refer to three- 
phase furnaces. The removal of one elec- 
trode would make those illustrations ap- 
ply to single-phase current. Three-phase 
furnaces are usually built with all elec- 
trodes above and placed in a straight 
line. There are as many tap-holes as 
arcs. The furnace itself consists of a rectangular boiler-plate 
shell lined with refractory material. On top of this the bottom has 
a carbon lining to make it conducting. A special electrode is 
required for melting 
through the solid car- 
bide at the tap-holes. 

The inner walls 
should be so far from 
the electrodes that they 
are not attacked by 
the high temperature 
or by the charge. At 
from one to three feet 
from the electrodes, de- 
pending on the power, 
no carbide is produced. 

The walls should be 
beyond this range. 

Vertical electrodes 
should be so far apart that no appreciable current flows between 
them through the cold part of the charge, as this would be wasted. 



Fig. 159. — Horry Continuous Carbide Furnace 
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Fig. 160. — Section op Three-phase Arc Furnace 


This distance depends on the voltage and the conductivity of the 
charge, but may be staled in geiKTal to be 2 to 3 meters. 

Furnaces are sometinuis roofed, as in the Helfenstein furnace in 
Figure IGl, and the gas collected is used for fuel. Bingham gives 
the following analyses of furnace gases from two closed furnaces : ^ 

Table 52. Furnace Gases from Carbide Furnaces 

No 1. No. 2, 

Percent bt Volume Percent by Weight 


COa 0.0 3.12 

CO 65.8 82.29 

Hj 30.9 1.44 

CH 4 2.0 0.83 

Na 1.3 10.4 

SO 2 1.92 


In general, alternating currents are used, but merely because 
more convenient than direct currents. The frequency is usually 
60 cycles a second, but at Niagara Falls it is 25 cycles. The follow- 
ing are the voltages of different size furnaces : 

3700 kw 100-120 volts 

7460 kw 130 volts 

15,000 kw 150 volts 

The power factor is 0.8. Safe practice for current density in 
* The Manufacture of the Carbide of Calcium, p. 143 (1916). 
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Flu. IGl. -- H elfensteim Roofed Fuknace 


the electrodes lies between 5.5 and 7.7 amp./s(}. cm. (35 to 50 
arap./sq. in.) ^ 

The usual production of carbide about 89 percent pure lies 
between 5 and 6.5 kg. por 24 kw.-hr. 

The theoretical yield can be calculated roughly if assumptions 
are made as to the temperature at which carbide is formed, the 
temperature of the gas leaving the furnace, and the specific heat 
of carbide. 

The heat required to produce one formula weight of carbide is 
the following : 

(1) Heat absorbed at room temperature by the reaction . . 125,000 cal. 

(2) Heat required to raise carbide to temperature of formation, 

say 2000“ C. According to Kopp’s rule the molet^ular heat 
of carbide = atomic heat of calcium + twice the atomic 
heat of carbon = 6.2 + U.4 == 17.6 cal. /deg. and therefore 
this heat = 17.6 X 2000 = 35,200 cal. 

* Helfenstein in Askenasy’s Technische Elektrochemie, 1 , p. 46, gives 1 to 
10 amp./sq. cm. as the limits. 
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(3) The latent heat of fusion is unknown and is omitted, prob- 

ably not causing much error. 

(4) Assuming for carbon monoxide Le Chatelier’s value of the 

molecular heat of permanent gases, 6.5 -}- 0.0006 T the 


molecular heat = 7.8, and 7.8 X 2000 = 15,600 cal. 

Total 176,000 cal. 


This corresponds to 0.220 kw.-hr. for 64 g of carbide, or 
7.0 kg./24 kw.- hr. The efficiency of a furnace producing 
6 kg. of 89 percent carbide p(}r kw.-day would therefore be 
5.3/7 = 76 percent. 

Carbide is tapped into a cast-iron vessel about 6 in. deep which 
is then taken to a cooling room where the carbide is dumped on an 
inclined plane with rails running down the incline so that air can 
circulate all around the carbide. On cooling, it is broken up with 
hammers and is pushed down to the edge of the incline and drops 
on to a belt conveyor by which it is taken to the crushing and sizing 
plant A certain loss in carbide occurs in crushing due to the 
dust. This loss depends both on the kind of crusher used and the 
size to which the carbide is crushed. It varies from 4 percent for 
large sizes to 27 percent for small. 

A carbide plant always provides for manufacturing the drums 
for packing, and usually also a plant for burning lime.^ The cost 
of packed carbide at the factory varies with local conditions, but 
$40 per 1000 kg. may be taken as an average value. 

Carborundum. — Carborundum is the name given by Acheson 
to crystallized silicon carbide. It was probably first produced by 
Despretz in connection with experimcuits on n'fraetory matei’ials, 
in the course of which he heated a carbon rod imbedded in sand. 
The sand was fused, and doubtless there was some reaction be- 
tween the carbon and sand.^ In 1886 A. H. Cowles obtained some 
hexagonal crystals fiom his furnace on attempting to melt quartz.^ 
This was thought at the time to be a suboxide of silicon, but was 
later recognized as carborundum. In 1892 Schutzenl)ergcr ^ 
obtained the amorphous carbide of silicon by heating silicon and 
carbon together. It was also made by Moissan at about the same 
time by several methods.® 

In 1891 at Monongahela, Pennsylvania, E. G. Acheson * dis- 

^ For full description of a carbide plant, see Engineering, 87 , 406, 443, 477, 
522, 546, 729 (1909). 

* C.r. 89 , 720 (1849). 

* Proc. ^c. Arts, 343 meeting, 1885-6, p. 74. Boston. 

« C.r. 114 , 1089 (1892). 

* The Electric Furnace, p. 274 (1904). 

* Joum. Franklin Inst. 186 , 194 and 279 (1893). 
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covered the crystallized carbide of silicon, in carrying out some 
experiments with the object of producing crystallized carbon. The 
object was to dissolve carbon in melted silicate of aluminum, or 
clay, and by cooling to cause the carbon to crystallize. The first 
experiments were carried out in an iron bowl lined with carbon in 
which was placed a mixture of carbon and clay. The mixture was 
fused by means of an electric current passing between the bowl 
and a (;arbon rod directly over it. On fusion a violent reaction 
took place, and after cooling a few bright blue hard crystals were 
found. These were first supposed to be carbon, but later were 
taken for a compound of alumina or corundum and carbon, from 
which the name carborundum was made up. Subsequent to this 
it was found that better results were obtained when silica was used 
in place of clay, and when common sodium chloride was added. 
The reason for this was evident when the following analysis of the 
product was made : 


Percent 

Silicon (i2.70 

Carbon 86.26 

Aluminum oxide and ferric oxide 0.93 

Magiu sium oxide 0.11 


This showed the substance in the pure state to be CSi. 

The furnace in which these experiments were carried out was 
made of refractory bricks, the interior dimensions being 10 by 4 by 
4 inches. The current was carried by a core of granulated carbon, 
as shown in Figure 102. 



Fio. 162, — Longitudinal Section of Acheson’s Experimental Carborundum 
Furnace 


Figure 103 shows an end view of this furnace and the layers of 
different materials after a run. B is a sohd mass of sand and 
carboh held together by fused salt. C is chief product of the reac- 
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tion, crystallized carbide of silicon. W represents a white or gray- 
greenish-looking shell, and consists of small pieces the size of the 
original grains. They are soft, and 
may easily be reduced to fine powder, 
and are of no value as an abrasive, 
though analysis shows them to b(‘ 
principally carbide of silicon. It is 
amorphous carborundum, or carbo- 
rundum firesand. G is graphite mixed 
with carborundum, and D is the 
core, only a portion of which b(‘- 
comcs graph itized even though used 
repeatedly. The output of this small 
furnace was \ pound a day.^ 

The furnaces used at Monongahela 
in 1893 were 18 inches wide, 12 inches deep, and 6 feet long. 
The core was of granular carbon in the form of a sheet 10 inches 
wide, 1 inch deep, and 5ifeet long. In 7J to 8 hours a portion 
of the charge was transformed into 50 i^omds of crystallized 
carborundum. 

On moving to Niagara Falls the furnaces were constructed as 
shown in Figure 164.^ The end walls are built of refractory brick 
and clay, and carry water-cooled electrodes, ¥, consisting of rec- 
tangular carbon rods clamped together. ( ontact is made with the 
copper cables by the copper plates, as shown. A are the 9-inch 



s 


<o>. ^ 

Fio. 164. — Section of Cakbokundum Furnace 

i FitzGerald, Journ. Franklin Inst. 143, 81 (1897). 
* FitzGerald, Carborundum, p. 8. 



Fks. 103 —Transverse Section 
OF Acheson’s Experimental 
C'A llUORUNDUM FuRNACE 




Courtesy Sorton Company 
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brick side walls of the furnace put together without cement. D is 
the mixture, C the core of granulated carbon, and c is fine car- 
bon powder for the purpose of making contact between the carbon 
electrodes and the core. The following are the inside dimensions of 
a 2000-horse-power (1492 kw.) furnace : ^ 47 ft. long, 8 ft. wide, and 
8 ft. high. The voltage varies Ix'tween 300 and 200 volts, A 
perspective of the furnace in operation is shown in Figure 165. 

Soon after the current is turned on, carbon monoxide is produced, 
due to the oxidation of the carbon in the core and in the charge. 
The gas is alwa3's lighted, and burns during th(' run. When the 
temperature has become sufficiently high, carborundum is formed 
according to the following reaction : 

SiO.2 4- 3 C = CSi + 2 CO. 

The heating lasts 36 hours, and produces 13,000 pounds of crys- 
tallized carborundum, surrounding the core to a depth of from 25 
to 30 centimeters, and 4000 pounds of firesand. This corresponds 
to 2.6 kg. per 24 kw.-hr., while the first furnaces of the Carborun- 
dum Company at Monongahela were built for 100 kilowatts, and 
yielded 1.37 kg./kw.-day. A 1500-kw. furnace is known to be 
much more efficient than a 746-kw\ furnace, but there is no infor- 
mation available as to whether a still larger furnace would be more 
efficient. 

The following calculation of the efficiency of a carborundum furnace takes 
no account of the energy necessary to carbonize the sawdust, or to vaporize 
the salt, impurities, and moisture, and in making firesand. It therefore gives 
a lower limit for the value of the efficiency. 

(1) The heat absorbed by the reaction at room temperature may be cal- 
culated by adding the following equations : 

SiOi = Si + Oj - 196,000 cal. 

Si + C = SiC + 2000 cal. (Mixter, Am. J. Sci. 24 , 130 (1907)1; 

2 C 4 Oj = 2 CO 4 58,320 cal. 

SiOa 4 3 C = SiC 4 2 CO - 136,000 cal. 

(2) The heat required to raise two inols of carbon dioxide 1500“ C. is 
2 X 7.8 X 1.500 = 23,400 cal. 

(3) Assuming the atomic heat of carbon to be 5.7 and that of silicon 6.6, 
the atomic heat of CSi is 11.3 and the heat absorbed in heating to 2000® C. 
= 22,600 cal. Total heat for one mol (40.4 g.) = 182,000 cal., equivalent 
to 0.21 kw.-hr. One kw.-day therefore corresponds to 4.6 kg. CSi and the 
efficiency is 2.6/4.6 = 57 [lercent. 

^ These data were supplied by Mr. 0. Hutchins, of The Carlxirundum 
Company. 
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The raw materials used by The Carbonmdum Company con- 
sist of sand 99.5 percent silica, petroleum coke, sawdust, and 
sodium chloride. The object of the sawdust is to make the charge 
porous to facilitate the escape of the carbon monoxide. The core 
consists of graphitized coke from previous runs, decomposed 
silicon carbide, and new coke. Coke used in the charge is ground 
to 16 mesh and finer. The charge is made iij) in lots of 500 kilo- 
grams, and has the following composition : 


Sand 261 kilograms 

Coke 177 kilograms 

Sawdust 53 kilograms 

Salt 9 kilograms 


500 kilograms 

The charge must be thoroughly mixed, as no mixing takes place 
in the furnace. If there happcmed to be an excess of siUca at any 
part of the charge, it would react with the carbide and produce 
silicon according to the reaction Si02 + 2 SiC = 3 Si + 2 CO, and 
this occasionally happens. 

There is a considerable shrinkage in the charge on account of the 
charring of the sawdust and the evolution of carbon monoxide. 

On coming from the furnace the carborundum is ground, treated 
with concentrated sulfuric acid to remove impurities, washed with 
water, and graded. 

When carborundum is heated to a sufficiently high temperature 
silicon is vaporized, leaving carbon in the form of graphite. The 
temperatures of formation and decomposition have been de- 
termined with very good agreement by three different observers.^ 
The amorphous green carbide, called carborundum firesand, or 
siloxicon is produced in the furnace between 1600° C. and 1840° C. 
At 1840° C. the amorphous form changes to the crystallized, and 
this decomposes at 2240° C. into silicon vapor and graphite. In 
a vacuum carbon begins to reduce silica at 1460° C.^ 

Pure silicon carbide is colorless, but the commercial product is 
either green or very dark and iridescent. Iridescence is due to a 
thin film of silica that can be removed with hydrofluoric acid, with 
disappearance of colors. The impurities amount to less than 2 
percent. For its chemical behavior, see under refractories. 

^ Tucker and Lampen, J. Am. Ch. Soc. 28 , 853 (190G) ; Gillett, J. Phys. 
Ch. 16 , 213 (1911) ; Saunders, Tr. Am. Electroch. Soc. 21 , 425 (1912). 

* Greenwood, J. Ch, Soc. 93, 1492 (1908). 
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The principal uses of carborundum are as a refractory and as an 
abrasive. It is no longer used as a substitute for silicon in the 
steel industry. It is made into grinding wheels by mixing with 
kaolin and feldspar as a binder, compressing in a hydraulic press, 
and burning in a kiln such as is used in ceramics. Its use as an 
abrasive is most successful with substances of low ultimate strength, 
such as cast iron and brass, or substances like marble and carbon, 
which cannot fill the wheel. It was also used as a detector in 
wireless telegraphy, and in a form known as ailundum as a resist- 
ance for heating purposes.^ Silundiim is made by exposing carbon 
in any finished shape to the vapor of silicon, which penetrates the 
carbon and changes it to carbide. This is done in the same kind 
of furnace as is used to make carborundum. Carbon objects are 
imbedded in the charge and may be entirely silicified or only 
covered with silundum, according to the time exposed.^ 

Silicon Oxycarbides. — Th(‘re are a number of compounds of 
the general formula C^Si/), originally discovered by Schtitzen- 
berger and Colson,^ produced according to the reaction 3 Si H- 
2 CO 2 = Si02 + 2 SiCO, which go by various names according to 
their origin and physical appearance. They may be called silicon 
oxycarbides. Acheson called his product sHoxicon.^ It is made 
in the outer region of carborundum furnaces or in specially con- 
structed furnaces and has the composition Si 2 C '20 and SiTCiO. 

In the manufacture of carborundum firesand, as it is now called, 
it is important not to have sufficient carbon in the charge to reduce 
the silica completely, and to keep the temperature constant within 
certain narrow limits. For this purpose the furnace is built with 
more than one core, thus making the distribution of temperature 
more even. The charge, consisting of one third carbon and two 
thirds silica, is made up of powdered carbon, powdered silica, 
and sawdust, the silica and carbon contents of the sawdust being 
taken into account. 

The density of carborundum firesand is 2.7.^ When heated in an 
atmosphere containing a large amount of oxygen to about 1470° C., 
it is oxidized, giving silica and carbon dioxide,® while in the 

‘ Bolling, Elektroch. Met. Ind. 7 , 25 (1909). 

* For a method using SiC and an organic binder, see Hutchins, U. S. Pat. 
1,266,478 (1918). 

» C.r. 92 , 1508 (1881) ; 94 , 1710 (1882). 

< U. S. Pat. 722,792, and 722,793 (1902) ; Electroch. Met. Ind. 1 , 287 
(1903). 

•FitzGerald, Electrochem. Met. Ind. 2 , 439 (1904). 

•Acheson, Electrochem. Met. Ind. 1 , 373 (1903). 
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absence of oxygen at a higher temperature it is converted into 
carborundum. 

Carborundum firesand is used to make crucibles and for furnace 
lining, as it is not attacked by melted metals or by slags. 

Tone later took out a patent ^ for the same substance in fibrous 
form made in a carborundum furnace made by the action of vapors 
of silicon with carbon monoxide or dioxide. The General Electric 
Company makes a similar substance called si'lox or elephant ear 
by heating silicious material and carbon in a closed-arc furnace. 
The charge is fed into the furnace through a hopper, and the 
product is condensed in a separate chamber. It is a gray, porous 
material, is a good heat insulator, and a relatively good electric 
conductor. A much lighter silicon oxycarbide called fibrox was 
made by Weintraub ^ by heating silicon with calcium fluoride 
as catalyzer in a closed clay-lined Dixon muffle for several hours at 
the melting point of silicon. The muffle is then found full of this 
material, which has a light green color. It is the best heat in- 
sulator known, having 4200 thermal ohms |x^r centimeter cube 
between 15° and 100°. Its specific electric resistance is 360 ohms 
\m' centimeter cube at 25° and it has a density of only 3.7 gr./l. 
When wet with wat('r it collapses and does not regain its fibrous 
structure on drying. 

Silicon. — Silicon is made by The Carborundum Company by 
reducing silica rock with carbon in arc furnaces similar to that 
shown in Figure 160. A three-phase 30(X)-kilowatt furnace at 120 
volts has the following dimensions:'* 14 ft. long, 8 ft. wide, and 
4 ft. deep. The walls are brick with a tar and carbon lining 6 in. 
thick. This furnace produces 11,000 lb. of 90 percent silicon 
in 24 hr. The rock is crushed to 3 in. or less, the coke to 1 in. 
By using high-grade silica and petroleum coke, 95 percent silicon 
can be made. The tappings are made every 2 to 3 hr. and weigh 
2000 to 3000 lb. 

Silicon can also be made from silicon carbide and silica according 
to the reaction Si02 + 2 CSi = 2 CO + 3 Si, but this carbide must 
be obtained at a low price to warrant its use. Cheap silicon 
carbide can sometimes be obtained as a by-product from graphite 
furnaces. It yields high-grade silicon. 


*U. 8. Pat. 1,028,303 (1912). 

* Tr. Am. Klectroch. 8or. 27, 207 (1915). 

* See also Northrup, Met. Chem. Eng. 16, 409 (1916). 

* These data were kindly furnished by Mr. 0. Hutchins, of The Carborundum 
Company. 
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The approximate efficiency of silicon furnaces can be calculated 
as follows : 

(1) The heat absorbed by the reaction at room temperature is found by 
adding the equations : 

SiOi = Si + O 2 - 196, (KK) eal. 

2C-f02 = 2 CO -f r)8,0(X) cab 

SiOj-j- 2 C = 2 CO -h Si - 138,000 eal. 

(2) The heat required to raise 28.4 g. silicon to 2000° C. is 28.4 X 0.2 X 
2000 = 11,360 cal. 

The heat required to raise 2 mols of carbon dioxide to 2000° = 7.1 X 2000 
X 2 = 28,000 cal. 

Total for 28.4 g. silicon = 177,000 cal., corresponding to 3.3 kg. per 24 
kw.-hr. As the furnace produces 1.7 kg. in this timt', the efficiency is 1. 7/3.3 
= 52 percent. 

The principal uses of silicon are to make high-grade siheon 
steel for the electrical industry, as a reducing agent in making 
certain alloys of vanadium and chromium, in a new aluminum- 
silicon alloy used in automobiles, and for making hydrogen for 
balloons. 

Graphite. — Graphite was known to the ancients, but up to the 
time of Scheele no distinction was made l^etween it and the closely 
similar substance molybdenum sulfide, MoS 2 .^ Both leave a mark 
on paper and were called plumbago on account of the belief that 
they contained lead. 

In order to define graphite more definitely, Berthelot * proposed 
that only that variety of carbon be given this name which, on 
oxidation with powerful oxidizing agents at low temix'ratures, 
gives graphitic oxide. Graphitic oxide has different propi'rties, 
depending on the differences in the graphite from which it is 
made, but all varieties arc insoluble and deflagrate on heating. 
Amorphous carbon, when oxidized with a mixture of potassium 
chlorate and fuming nitric acid, the oxidizing agent used by 
Berthelot, is changed to a soluble substance, and diamond is not 
affected. This is a method of separating the three different 
kinds of carbon. 

The artificial production of graphite by dissolving carbon in 
cast iron and allowing to cool slowly was first observed by Scheele 
in 1778.^ It has since been made by Moissan by dissolving in 
iron, as well as in a number of other metals, and by heating pure 
sugar carbon in the electric arc.® Diamond also may be changed 

^ Roscoe and Schorlemmer, Treatise on Chemistry, 5th ed., 1 , 751 (1920). 

* Ann. de Chim. et de Phys. (4) 19 , 393 (1870). 

* Moissan, The Electric Furnace, p. 61. Hee also FitzGerald, KUnstlicher 
Graphit, Vol. 15 of the Engelhardt Monographicn. 
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to graphite by heating in a vacuum to 1700° C.^ Despretz,® in his 
work on carbon, produced graphite by heating carbon in an electric 
furnace. These observations do not agree with those of Acheson, 
who early in his experience in the manufacture of carborundum 
noticed that graphite occasionally formed next to the core ^ and that 
when coke from bituminous coal was used for the core quite a large 
amount of it was converted into graphite, whereas when the purer 
{X‘troleum coke was used very little was so changed. The greater 
the amount of impurity in the coke, the larger was the amount of 
graphite produced. These facts led Acheson to the theory that 
graphite is not produced by simply heating carbon, but that a car- 
bide must first be produced and then decomposed by a higher tem- 
perature, volatilizing the metallic element and leaving the carbon in 
the form of graphite. The effect of the impurities is catalytic, since 
the amount of graphite formed was always too great to bo accounted 
for by the simple decomposition of the quantity of carbide corre- 
sponding to the impurity present. If only a small amount of 
impurity is present, it is lost by volatilization before all the carbon 
can be graphitized. Acheson also found that the production of 
graphite was greatly increased by adding a considerable quantity 
of any substance that could form a carbide, such as silica, alumi- 
num oxide, lime, or iron oxide.^ At first the charge was made up 
with enough impurity to change all the carbon to carbide at 
once. For example, a charge would consist of 50 percent coke, 
with sand, salt, and sawdust. Carborundum was then formed 
and by heating to a higher temperature the carborundum is de- 
composed, leaving graphite. It was found, however, that so much 
carbide-forming element was not necessary and that such sub- 
stances as anthracite coal that had impurities evenly distributed 
through them could be converted into very pure graphite.^ This 
is at present one of the principal kinds of carbon used in this 
industry. 

Intimate mixture of carbon and the impurity is not necessary, 
as the carbide-forming element can be vaporized and caused to 
penetrate the entire charge, thereby converting it to graphite.® 
Petroleum coke is one form of carbon used in this process. Lumps 

‘ Thompson, Frolich, and Gillson, Tr. Am. Electroch. Soc. 43 , 161 (1923). 

*C.r. 28 , 755; 29 , 48 and 709 (1849). 

» Journ. Franklin Inst. 147 , 475 (1899). 

< IT. S. Pat. 508,323 (1895). 

» U. S. Pat. 045,285 (1900). 

«r. S. Pat. 711,031 (1902). 
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of the ooke are imbedded in powder formed from the same material 
and 5 percent of iron oxide is sprinkled in. The iron oxide is 
reduced, iron is formed at the bottom of the furnace, and as the 
temperature is raised volatilizes and penetrates the whole charge. 
A very soft quality of graphite is obtained when the carbide-forming 
material is more than 20 percent by weight of the charge, but less 
than the amount necessary to change all (he carbon to carbide at 
once.^ 

The higher the temperature and the longer the heating the purer 
is the product, as this distills the impurities and makes the graphi- 
tization more complete. 

Some of the experimental results on which Acheson’s theory is 
based were not confirmed when tested by Arsem, who finds that a 
small amount of mineral matter (‘xercis('s no beneficial effect in 
the manufacture of graphite by heating (‘arbon, and does not im- 
prove the quality.^ As a definition of graphite Arsem adopts the 
statement that it is that allotropic form of carbon having a specific 
gravity from 2.25 to 2.2G. The rate of convei’sion to graphite is 
rapid, as at ^ 000 ° C. the maximum density is reached for any form 
of carbon in loss than 15 minutes. Graphite is therefore the stable 
form of carbon at high tem])eratures and is also the form most 
resistant to oxidation. 

The furnaces for graphitizing carbon in bulk have a central 
core, as in Figure 100, to warm the furnace. When hot the charge 
also carries the current. 

In making graphite into electrodes, crucibles, or other finished 
products, a mixture of 97 percent carbon and 3 ])ercent iron 
oxide is mixed with a binding material consisting of water and 
a little molasses, and is molded into the desired form. The 
molded objects are then dried and placed in the furnac(‘, where 


Fig. 166. — Section op Furnace for Graphitizing Carbon in Bulk 

1 U. S. Pat. 836,35.5 (1906). 

* Tr. Am. Electrorh. Sor. 20, 105 (1911). 

» U. S. Pat. 617,979 (1899). 
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they are changed to graphite without altering their shape. Figures 
167 and 168 show the methods of arranging rectangular and cir- 
cular electrodes respectively. 'The base of the furnace consists of 
bricks, covered with a refractory material, h. The end walls, h, 


d 



Fig. 167. Section of Fuknack for Graphitizing Rectangular Electrodes 


are of brick and hold the carbon electrodes, c. The bottom of the 
furnace is covered with a layer of granulated coke about 6 centi- 
meters thick, on which the electrodes are placed in piles at right 
angles to the axis of the furnace, separated from each other 
by about one fifth the width of the electrodes. This space is 


d 



Fio. 168. — Section of Furnace for Graphitizino Circular Electrodes 


then filled with granulated coke, g, and the furnace is covered 
with a mixture of coke and sand, i. Figuie 169 is from a photo- 
graph of the furnace now used for graphitizing carbon in all 
forms. 
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The following data arc given by FitzGerald : ‘ 


Distance between terminals 360 inches 

Length of space filled by electrodes 302 inches 

Length of space filled by granular carbon .... 68 inches 

Length of electrodes under treatment 24 inches 

Width of electrodes under treatment 6 inches 

Height of pile of electrodes 17 inches 

Initial voltage ‘<^1^ volts 

Initial amperage 1400 amperes 

Final voltage 80 volts 

Final amperage 9000 amperes 


As the temperature rises in a graphite furnace the following 
phenomena are observed (1) the volatile impurities come 
off and burn with a yellow flame, (2) the yellow flame is replaced 
by the blue flame of carbon monoxide due to the reduction of the 
oxides with carbide format ion ; (3) the flame becomes yellow from 
the decomposition of carbides, with the vaporization and burning 



Fio. 169. — Electric Furnace in which Graphite is Made Artificially by 
THE Acheson Graphite Company, Niagara Falls 


^ Electroch. Met. Ind. 8, 417 (1905). 

2 FitzGerald, Kiinstlicher GraphU, Engelhardt monographs, Vol. 15, p. 31 
(1904). 
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of silicon. The layer of sand and coke covering the charge is 
partially changed to a by-product of carborundum. 

Dejlocculated graphite is a form of graphite so finely divided by a 
special process that it will remain permanently suspended in oil 
or water. Mixed with water it is called waterdag, mixed with oil, 
it is called oildag. It is used as a lubricant.^ 

The efficiency of graphite furnaces may be calculated as 
follows : 2 

In 24 hr. 746 kw. convert 5440 kg. of anthracite into 4540 kg. of 
graphite. This corresponds to 6.1 kg. per kw.-day. 

Assume the temperature of the furnace is 3000° C., the mean specific 
heat of coal is 0.5, and the heat evolved on conversion 522 cal. per kg. 
graphite. 


(1) Heat required to raise 5440 kg. coal to 3000° . . 8,160,000 kg.-cal. 

(2) ll(‘at evolved on forming graphite 2,370,000 “ “ 

Difference, or heat required from current 5,790,000 “ “ 


This corresponds to 16 kg. per 24 kw.-hr. and tlie (‘fficieney is therefore 
6.1/16 = 37 i^ercent. This is a lower limit on account of neglecting the 
heat required to vaporize the impurities. It shows, however, that the 
efficiency of graphite furnaces arc relatively low, which would be expected 
from the large surface exposed. 

Carbon Bisulfide. — Great improvement has been made in the 
manufacture of carbon bisulfide by using an electric furnace in 
place of the small clay or iron retorts which have to be heated 
externally. In the old process, only a small fraction of the heat 
applied to the outside of the retort penetrated to the mixture of 
carbon and sulfur inside, and the process was so disagreeable on 
account of small leaks and the high temperatures of the retort 
room that some manufacturers gave it up altogether. E. R. 
Taylor, 3 however, has succeeded in overcoming these difficulties 
entirely by the use of the furnace shown in cross-section in Figure 
170, patented in 1899 ^ and in operation at Penn Yan, New York. 
This furnace is 12.5 meters high and the diameter at the base 
4.87 meters.** At a height of 3.68 meters the diameter is reduced 
to 2.5 meters for a distance of 4.87 meters, where it narrows down 
to the top for the remaining length. The electrodes are at the base 

* Acheson, Tr. Am. Electroch. Soc. 12, 29 (1907). 

* Richards, Tr. Am. Electroch. Soc. 2, 51 (1902). 

« E. R. Taylor, Tr. Am. Electroch. Soc. 1, 115 (1902) and 2, 185 (1902). 

* U. S. Pat, 688,364, filed 1899, renewed 1901. 

* Haber, Z. f. Elektroch. 9, 399 (1903). 
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and are four in number, arranged 90 degrees apart. Opposite 
electrodes are connected to the same terminal of the alternating- 
current machine. Wear on the electrodes is reduced to practically 
nothing by covering them with 
conducting carbon, which acts 
as the resistor. Charcoal is 
fed in at the top and sulfur 
through the annular spaces in 
the walls, thus preventing loss 
of heat. The sulfur is melted 
by the heat which would othei - 



wise be lost through the walls, 
and flows down on to the elec- 
trodes, where it is heated to a 
temperature at which it com- 
bines with carbon. The car- 
bon bisulfide vaporizes, passes 
off through the top of the fur- 
nace, and is condensed in cool- 
ing coils. The furnace is so 
tight that no odor is noticeable, 
and its operation is continu- 
ous. The production in 1903 
was 19.4 kg. per kw.-day and 
the furnace had been in opera- 
tion for two and a half yeai's 
with only one interruption for 
the purpose of cleaning out. 
In a more recent furnace dif- 
fering from the Taylor fur- 
nace 20 kg. per kw.-day w(‘re 
obtained. It is estimated that 
this corresponds to 31 percent 
thermal efficiency.^ 
Phosphorus. — Phosphorus 
is another product the manu- 
facture of which has been im- 
proved by the use of heat dc- 



Fiu. 170. — Tayi.ok’w Electric Carbon 
Bihclfide Furnace 


rived from electricity. The older method consists in treating cal- 


cium phosphate with sulfuric acid, which changes the triphos- 


phate to monophosphate : 


^Richter, Tr. Am, Elcctroch. Hoc. 42 , 253 (1922). 
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Cii3(P04)2 + 2 H2S()4 = 2 CaS04 + CaIl4(P04)2. 

The monophosphate is then mixed with carbon and dried, by which 
it is changed to metaphosphate : 

CaH4(P04)2 = Ca(P03)2 + 2 H.O. 

The metaphosphate is then heated in small retorts in which the 
following reaction takes place : 

3 Ca(P03)2 + 10 C = ('a3(P04)2 -f 10 CO + 4 P. 

This process is imperfect in that a portion of the phosphorus 
is changed in the last operation to the product with which the 
operation is begun. Wohler proposed the use of silica and carbon, 
by which all the phosphorus would be recovered, as shown by the 
following reaction : 

Ca3(P04)2 + 3 Si02 + 5 C = 3 CaSiOg + 5 CO + 2 P, 


but it was never successful till the introduction of the electric 
furnace, on account of the difficulty of obtaining the necessary 
temperature and of finding vessels to withstand 
it.‘ Distillation begins at 1 150° C. and requires 
1500° for completion.2 In 1889 the use of elec- 
trie furnaces for the manufacture of phos- 
phorus was patented by J. B. Headman.^ The 
H 'S/ H process does not sc'ein to have l)een imme- 
diately employed on a large scale, however. 

Albright and Wilson built 
Niagara Falls, using 300 horse power, 
for making phosphorus 

— in the Readman-Parker 
Ifio. 171 . — Vertical g 4 nn r 

Sbotion OF Piioa- The furnaces 

PHORUS Furnace are illustrated in Figures ^ " 

171 and 172. Each pro- ' ' 

duces 170 pounds a day. r/^T V^ 

Fused Aluminum and Magnesium Ox- ^ 

ides. — Fused aluminum oxide, chemically 172. — Horizontal 
identical with corundum, has received the phorus Furnaot”^*^" 

following trade names: alundum, aloxite, 
lionitej natalite, bathite, horo-carhone, and borolon. The process for 


»Min. Ind. 14 , 494 (190.5). 

* Electrochem. Ind. 6 , 407 (1907). 

» U. S. Pat. 147,943(1899). 

<Min. Ind. 6, .5.37(1897), 7, ,557 (1898). 
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making this abrasive in the electric furnace was patented in 1900 
by C. B. Jacobs.^ His furnace was rectangular in shape, made 
of sheet iron and brick, and was lined inside wdth carbon. An 
arc was formed between four pairs of electrodes near the mov- 
able bottom of the furnace. As the aluminum oxide fused and 
covered the bottom of the furnace, it was gradually lowered, 
thereby making a layer of fused aluminum oxide which cooled 
slowly. This process gives the abrasive a hardness greater than 
corundum. 

Alundum is now made in a furnace patented by Higgins,* shown 
in Figure 173, 4 ft. in diameter by 5 ft. high, having two carbon 
electrodes 4 by 12 in. in cross-section, and a carbon bottom. It 
consists of an iron shell cook'd by jets of water on the outer surface. 
The charge forms its own lining. The ingots weigh 2.5 tons each, 
and are allowed to cool several days before they are broken up. 

Aloxite is made in a furnace water cooled like the above, but it 
is 8 ft. in diameter, with a bottom smaller than the top, while the 
Higgins furnace is larger at the bottom than at the top. It makes 
a pig weighing 4.5 tons.-"^ 

The charge consists of calcined bauxite mixed with sufficient 
carbon to reduce the impurities, the principal ones being the oxides 
of iron, titanium, and silicon. The reduced metals form a feito- 
silicon containing 9 to 15 percent silicon and impurities of tita- 
nium, aluminum, sulfur, and phosphorus. This is heavier than the 
melted alumina and most of it settles to the bottom of the furnace. 

Fused aluminum oxide is u.sed princii)ally as an abrasive and as 
a refractory. 

Fused magnesium oxide is made in furnaces similar to those used 
for fusing aluminum oxide. That made by The Carborundum 
Company has the following composition in percent : MgO, 94.95 ; 
Si02, 0.60; FeO, 0.86; AI2O3, 2.65; CaO, 1.40. 

Fused Quartz.'* — Fused quartz is made in two forms, trans- 
parent and opaque. The opaque variety is made by Despretz’s 
method of heating a carbon rod imbedded in quartz sand, resulting 
in a crude tube of fused silica. Carborundum is formed next 
the carbon rod, but this adheres to the carbon. These tubes are 
remelted and worked up into various kinds of laboratory apparatus, 
such as pyrometer tubes, tubes for electric furnaces, crucibles, 

* U. S. Pat. 659,920 (1900). 

»U. S. Pat. 8.50,001 (1907); Min. Iml. 19 , 28 (1910). 

» Hutchins, U. S. Pat. 1,310, .341 (1919). 

* Berry, Tr. Am. Electroch. Soc. 46 , 511 (1924). 
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Fig. 173 . — Fused Aluxdum and Alundum Furnaces 
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etc. A crude green variety is also used for electric insula- 
tors. 

During the last twenty-three years the development of clear 
fused quartz has made rapid progress, particularly by the Thomson 
Research Laboratory of the General Electric Company at Lynn. 
In making this variety, it is necessary to stall with the highest 
quality of raw material ; the best is water-clear crystals, contain- 
ing less than 0.2 percent of impurities. These are washed in 
acid to remove iron oxide and other foreign material often incnisted 
on the surface, and are then broken up and the unsuitable pieces 
discarded. 

These pieces are pacLed as densely as possible in a graphite or 
carbon crucible, so that during the cracking of the crystals, which 
occurs when the temperature is raised, the parts cannot separate 
and allow small amounts of gas to enter tlie crevices and thus 
give rise to bubbles. This (Tucible is pla(*ed in a modified vacuum 
furnace and the temperature is raised as quickly as possible to the 
melting point of about 1750° C. This usually takes 45 minutes, 
and 3 to 8 kw.-hr./lb. of quartz. The result of this first fusion 
is a clear, transparent mass, containing comparatively few bubbles, 
ranging in size from a pinpoint to 3 mm. in diameter. As these 
bubbles are formed near 1800° C. the pre.ssure in them of any 
foreign gas at room temperature is very small, or if formed by silica 
vapor alone, it would be nothing. In order to make this into 
tubing, cane, or ribbon, the result of the first fusion is placed in 
another graphite crucible which is suspemded in a vertical carlxin 
tube furnace. A graphite piston which just fits the crucible is 
placed on top of the fused quartz slugs, and a weight is placed on 
top of a plunger attached to the ])iston. The quartz is 
fused, the bubbles are largely collapsed, and by the action of the 
weiglit the quartz is forced out as rods, tubing, or ribbon. 

When large blocks are to be made as free from bubbles as the 
tubing only one fusion is carried out ; this is in a vacuum furnace 
designed also to withstand high pressure. As soon as the quartz 
is fused, the vacuum valve is closed and some inert gas, such as 
nitrogen, is forced in to a pressure depending on the object in 
view. This pres.sure may be as high as 600 Ib./sq. in., and it 
causes the bubbles to collapse, and gives a block freer from bubbles 
than many kinds of the best optical glass. ^ ^ n 

When quartz crystal is heated to between oOO and 600 G., it 
cracks into small pieces, sometimes with explosive violence, on 
account of the difference of the coefficients of expansion along the 
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two axes. After fusion, however, it no longer cracks on heating 
but can be used up to 1000° C. without injury. Its coefficient 
of expansion is 58 X 10"*; a piece f in. (1.6 cm.) in diametei 
can bo heated to the melting point and plunged into ice watei 
without fracturing. Both heat rays and ultra-violet light are 
readily transmitted. 

Tubes, rod, ribbon, and cane can be made in lengths of 30 ft. 
(9.2 m.) and in shorter lengths in diameters up to eight inches. 
Blocks have been made up to 11.5 in. (29 cm.) in diamter and 6 
in. (15.2 cm.) thick with comparatively few bubbles. Fused-quartz 
projection lenses 4.5 in. (11.4 cm.) in diameter have been used for 
months in motion-picture projection machines, where glass lenses 
cracked daily. Other uses that have been tested are for ther- 
mometers with no lag and for tuning forks whose rate must be 
independent of the temperature. 

The Electrolysis of Fused Salts. — When the nature of a metal 
is such that it cannot be deposited from aqueous solutions on 
account of its reaction with water, and cannot be obtained by 
reduction with carbon, it is sometimes possible to produce it by 
electrolyzing one of its fused compounds. Aluminum, sodium, 
potassium, calcium, magnesium, and cerium arc all made in this 
way. The C()m])ounds usually electrolyzed arc the chlorides, 
oxides, or hydrates. 

There are a numln'r of practical difficulties that may occur in 
electrolyzing fused salts that may either cause a low efficiency 
or prevent entirely the production of the metal. One of these is 
the anode effect.^ This apparently consists in a thin film of the 
anode gas clinging to the anode, and producing a high resistance 
which cuts down the current and allows the bath to freeze. It is 
the result of too high a current density, and the way to avoid it 
is to reduce the current density. Another difficulty is the tendency 
of some metals to remain susiiendcd as fine globules in the fused 
bath, so that it is difficult to collect them. Other metals have a 
tendency to dissolve in the electrolyte and diffuse to the anode, 
where they are oxidized with a loss in current efficiency. Some 
metals are heavier than the bath and stay at the bottom, where 
they are deposited, but others float to the surface and in some cases 
would burn if not immediately removed. Calcium belongs to this 
class, while magnesium floats but does not burn. The bath itself 
may cause trouble by becoming pasty due to decomposition and 
the formation of substances with high melting points. Finally, 
^Thompson, Eloctroch. Met. Ind. 7, 19 (1909). 
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it is difficult to dehydrate some salts without decomposing them. 
If hydrated magnesium chloride is heated alone, it is completely 
changed to the oxide, but if previously mixed with ammonium 
chloride and dehydrated slowly, very little decomposition takes 
place, and the ammonium chloride may be subsequently removed 
by vaporization. 

Aluminum. With the exception of silicon and oxygen, alumi- 
num is the most widely distributed element in nature,^ occurring 
principally as silicates in clays. Only a limited number of its 
compounds can be used for extracting aluminum, however, chief 
among which is bauxite, AIO3H3. The name alimimmi is derived 
from alumen, a term applied by the Romans to all bodies of 
astringent taste. 

The attempts to isolate aluminum date from 1807, when Davy 
was unsuccessful in applying to this problem the method em- 
ployed in isolating the alkali metals. Oersted S('ems to have made 
aluminum in 1824 by heating the chloride with potassium amalgam. 
Wohler in 1827 obtained aluminum by decomiX)sing the anhydrous 
chloride with potassium, and in 1864 Bunsen and Deville obtained 
it independently by the electrolysis of fused aluminum chloride. 
Previous to the production by the method of ('lectrolysis now used, 
the halide salts were the source of the metal and wen* reduced by 
metallic sodium. 

Alumina can be reduced by carbon to metallic aluminum by 
heating to a temiierature above 2100° but it is always mixed 
with aluminum carbide, from which it can be removed by re- 
melting, and obtained in a compact form. This is evidently 
not a method of making aluminum that could be satisfactorily 
carried out commercially. If, howc'ver, a metal such as copper 
is added to the mixture, the aluminum can be obtained as an alloy 
with this other metal. This process was patented in 1884 by the 
Cowles brothers.^ The cheap production of pure aluminum, 
however, was made po.s.siblo by the discovery of C. M. HalP that 
alumina, dissolved in a melted mixture of aluminum fluoride and 
the fluoride of another metal, fonns an electrolyte which may be 
decomposed by an electric current, liberating aluminum at the 
cathode and oxygen at the anode. Halbs original patent specifies 

J Thorpe, Dictionary of Applied Chemiatry, 1, 1.56 (1921). 

* Hutton and Petavel, Phil. Trans. 207, 421 (1907) ; Askenasy and Lebedcff, 
Z. f. Elektroch. 16, 565 (1910). 

8 U. S. Pat. 319,795 (1885). Also Proc. Soe. of Arts. 188,5-1886, p. 74, 

< V. S. Pat. 400,664 and 400,766, filed 1886. 
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a mixture of 169 parts by weight of aluminum fluoride and 116 
parts of potassium fluoride, corresponding to the formula K 2 AI 2 F 8 . 
The temperature of the bath is kept up to the melting point by 
the electrolyzing current, according to the patent of C. S. Bradley.^ 
The same process was invented independently by Hdroiilt in France 
at about the same time.^ 

Hall never succeeded in making his process work satisfactorily 
on a small scale. When he built a cell for 35 kilowatts and 2000 
amperes, however, the difficulties that occurred in small-scale 
experiments “ disappeared as if by magic. The clogging and 
spoiling of the bath, which had caused trouble for the past three 
years, did not occur on a large scale.” ^ Hall therefore concludes 
that that is a process that works badly on a small scale and well 
on a large scale, but gives no explanation of this peculiarity. 

Haber and Geipert ^ succeeded in making aluminum in a few 
runs on a small scale, though in the last run they met with irregu- 
larities. Askenasy ^ also states that if Haber’s and Gei port’s direc- 
tions are minutely followed, the experiment never fails. This 
experiment is carried out a number of times every year in the 
electrochemical laboratory of the Massachusetts Institute of 
Technology, with uniform results. The anode is four round 
2-inch graphite rods placed about a quarter of an inch apart, 
and the cell is a graphite box 6 inches square packed in crushed 
coke in brick walls. After this is thoroughly heated with an 
alternating current, it will run for an hour with 900 amperes and 
12 to 14 volts and produce aluminum with a current efficiency of 60 
percent. At the end of this time the anode effect always occurs, 
but may be removed for a few minutes by the addition of some 
fresh cryolite. The original electrolyte is 80 percent cryolite and 
20 percent purified aluminum oxide. The trouble is not removed 
by adding any of the other components of the bath, such as 
sodium fluoride, aluminum fluoride, or aluminum oxide. 

Electrolytic cells for producing aluminum consists in an iron 
shell with a firebrick lining inside which is a carbon lining. The 
cells designed for use at Whitney, North Carolina,® consist in iron 
shells 5 feet deep, 12 feet long, and 9 feet wide. After the lining 

» U. S. Pat. 464,9.33 (1891); 468,148 (1892) ; 473,866 (1892). 

* U. S. Pat. 387,876 (1888). 

* Hall, Met. Chem. Eng. 9, 71 (1911). 

* Z. f. Elektroch. 8, 1 and 26 (1902). 

‘ Technische Elektrochemie, 2 , 278 (1916). 

•Min. Ind. 23 , 18 (1914); 27 , 20 (1918). 
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is put in, the cavity is 7 inches by 4 feet by 8 feet. The current is 
20,000 amperes at 7 volts. One cell is expected to produce 135 kg. 
of aluminum a day, which would correspond to 83 percent current 
efficiency. The energy yield is usually 0.7 kg. per 24 kw.-hr. 
The aluminum is tapped from time to time. 

The temperature of the bath is in the neighborhood of 1000° C., 
which is the melting point of cryolite. 

The anodes are graphite made from petroleum coke. From 0.7 
to 0.9 kg. of anode is consumed for a kilogram of aluminum. The 
oxygen liberated on the anodes burns them to varying proportions 
of carbon monoxide and dioxide, depending on the temperature. 
This is shown in Table 53. ^ 


Table 53. Composition of Gas from Aluminum Electrolytic Baths 


Carbon dioxido . 
Carbon monoxido 
Oxygen . . . . 

Nitrogen . . . 


Pekpknt uy Voi,umb 


At '.>4.5® C 

At 10.').')® C. 

. 45.6 

6.0 

. 43.6 

86.4 

. 0.8 

1.2 

. 10. 

6.4 


As the lower temperature favors the production of carbon dioxide, 
it would use up less anode material. Whether it would also save 
voltage depends on whether the concentration of oxygen at the 
anode is less when dioxide is formed rather than monoxide. It 
would be natural to expect less oxygen the higher the temperature 
and consequently a lower polarization electromotive force. 

The following is an estimate of the cost of the different items 
required to make a pound of aluminum : ^ 


Cents 

16 kw.-hr. at 0.14ff 2.24 

2 lb. alumina at 2.27 4.54 

0.8 lb. anode at 3.18 2.54 

0.12 lb. cryolite at 3.64^ 0.44 

0.05 lb. aluminum fluoride at 4.54ff .... 0.27 

0.15 working hours at 6.12ff 1.38 

Miscellaneous 1.38 

Total 12.79 


The only producer of aluminum in the United States is the 
Aluminum Company of America, having works at Massina, New 

‘ Seligman, Min. Ind. 26 , 40 (1916). 

*Min. Ind. 27 , 20 (1918). 
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York; Maryville, Tennessee; Badin, North Carolina; Niagara 
Falls, and Shawinigan Falls, P. Q. 

The raw material is bauxite from Arkansas, which is converted 
to alumina by the Bayer process. This consists in calcining the 
bauxite to remove water and organic material. It is then finely 
ground and treated with caustic soda of specific gravity 1.45 for 
several hours under high steam pressure. Aluminum dissolves as 
NaA102 and is filtered. This solution is treated for 36 hours with 
aluminum hydrate, precipitating 70 percent of the dissolved 
alumina. This is calcined at 1100° to 1200° C. and is then ready 
for usc.^ 

Other sources than bauxite have not yet been used in the alumi- 
num industry. 2 

The uses ■'* of aluminum have increased enormously during 
recent years, and it is now the fourth non-ferrous metal as regards 
quantity produced, the order being copper, zinc, lead, aluminum. 
As a powder it is used in the Goldschmidt process, as a paint, and 
for explosive mixtures. A mixture of aluminum powder and 
ammonium nitrate is called ammonal, and is used in mining and in 
high explosive shells. The reaction is 3 NH4NO., -f- 2 A1 = 
AI2O3 + 6 H2O + 3 No. Aluminum is used as a deoxidizer in the 
steel industry in the form of lumps. 

Aluminum cables are used in thirty long-distance transmission 
lines in North America, These cables consist of aluminum wire 
twisted over a galvanized steel core. For equal conductivity they 
weigh 80 percent of copf)er coiulmdors and are 57 percent stronger. 
They consequently require fewer towers and insulators, and have 
less leakage and a lower cost of erection. 

A number of aluminum alloys are used in automobile and air- 
plane construction. Magnahiim consists of aluminum containing 
up to 6 f)ercent of magnesium. Duralumin contains 0.5 percent 
magnesium, 0.5 to 0.8 percent manganese, and 3.5 to 4.5 percent 
copper. An alloy of aluminum and silicon is used in automobiles. 

Calorizing * consists in heating metals with aluminum powder in 
revolving drums, in an atmosphere of hydrogen. This alloys the 
surface with aluminum and makes it resistant to oxidation and 
corrosion. 

i Thor|>c’s Diclhngry of Applied Clmmslry, 1 , 160 (1921). 

® lor an account of other |X)S8ible sources of aluminum see Bureau of Mines 
Bull. 77, p. 78 (1916). 

’Keeney, The El. Journ. 17 , 206 (1920); Min. Ind. 24 , 17 (1915); Min. 
Ind. 23, 21 (1914). 

’Min. Ind. 23, 21 (1914). 
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The use of aluminum for kitchen ware and for innumerable small 
objects for personal use is too well known to require further men- 
tion. 

Sodium and Fotassimn. — Sodium and potassium were first 
isolated by Davy ^ by electrolyzing the corresponding fused hy- 
drates. In this process sodium is liberated at the cathode while 
the negatively charged hydroxyl ion is liberated at the anode. 
Two of these ions when discharged react together according to the 
reaction : 

2 OH = H 2 O -f O. 

A certain amount of metallic sodium dissolves in the hydrate, 
diffuses to the anode, and coming in contact with the water reacts 
to form hydrate with the liberation of hydrogen.^ It is therefore 
possible to have both hydrogen and oxygen evolved at the anode, 
resulting in explosions. At the same tinu* sodium peroxide (Na202) 
is formed. The water formed at the anode is not driven off by 
the temperature of the bath ; on the contrary it has been found that 
very moist air is dried to a certain extent in passing through the 
melted hydrate.^ 

The apparatus nearly universally used for tlu^ production of 
sodium and potassium is due to Hamilton Young ('astner® and is 
shown in Figure 174. It consists in a cast-iron box with an iron 
cathode, H, insulated from the box and held in an iron pipe fas- 
tened into the bottom of th(‘ cell. The space between the pipe and 
electrode is filled with melted hydrate which is allowed to solidify 
before the electrolysis is begun. Surrounding the cathode is a 
fine iron-gauze diaphragm, M, outside of which is the iron anode, 
F. The metal is liberated on the cathode and flotits to the surface 
of the hydrate, where it collects in an iron cylinder forming a con- 
tinuation of the diaphragm. It is removed by an iron spoon wdth 
fine perforations, which allow the hydrate to drain off, but which 
holds the metal. The hydrate is add(‘d as it is used up, and the 
process is continuous. An important point is to maintain the 
temperature as low as possible, not over 20° above the melting point 
of the hydrate. The higher the temperature the le.ss the yield 
in metal, due of course to its greater solubility in the melted hy- 
drate. As the temperature increases, the yield becomes less, until 

^ Phil. Trans., 1808, pp 5 and 21. Sec also a review hv Batsford, Chem. 
Met. Eng. 26 , 888 and 932 (1922). 

* Lorenz, Elekholyae Geschmolzetter Salze, I, 25 (1905). 

» U. S. Pat. 452,030, filed 1800. 
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Fia. 174. — Section op Castner Cell pou Producing Sodium and Potassium 


it finally reaches zero. At best the current efficiency is said to be 
only about 45 percent. ‘ In the patent gas heating is provided, 
though it is stated that the current can be so regulated as to keep 
the proper temperature without external heating. 

There are other processes very similar to that of Castner, some 
of which are in use,^ which will Ixi omitted as presenting no new 
principles; but the principle of the following process, due to 
Ashcroft, will be described because of its novelty and in spite of 
the fact that it docs not seem as yet to have been carried out on a 
commercial scale. Melted sodium chloride is electrolyzed with a 
lead cathode. The lead-sodium alloy formed is let into another 
cell containing melted sodium hydrate. Here the lead alloy acts 
as the anode and forms sodium hydrate with the hydroxyl ions 
liberated on its surface, thus avoiding the formation of water and 
oxygen. At the cathode sodium is liberated and removed. To 
decompose the chloride 7 volts are required, and 2 volts for the 
hydrate when this anode is used. The voltage is therefore about 
twice that required in the Castner cell ; but as the current efficiency 
is about 90 percent, or twice that in the Castner process, the yield 

^ Ashcroft, Tr. Am. Electroch. Soc. 9, 123 (1906). 

• See H. Becker, Die Elcktrmnetcdlurgie dcr AlkalimelaUey p. 52 (1903), 
Vol. 15 of the Engeihardt Monographs. 
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per unit of power is the same in the two cases. The advantages 
claimed by Ashcroft are shown in the following table : 



Awhckofi' Phockhs 

Castnkr Process 

Cost of material 

Cost of power per pound of sodium . . 

Labor 

Upkeep and standing charges .... 

0.5 cent 
per pound 

1 to 5 cents 

1 cent 

2.5 cents 

5 cents 
per pound 

1 to 5 cents 

2i cents 

2 cents 

Total 

5 to 9 cents 
per pound 

10 to 14 cents 
per pound 


The saving comes in the greater cheapness of tlie raw material, 
and there would be a further saving in the value of the chlorine 
produced. 

A large part of the sodium made is consumed in the manufacture 
of sodium cyanide and sodium jx^roxide. The process for cyanide ^ 
consists in passing ammonia over the metal heated in an iron 
retort to 300° to 400° C., forming sodamide : 

2 Na 4* 2 NHa = 2 NaNIl 2 + TI 2 . 

This is then treated with charcoal ])reviouHly heated to redness, 
giving the cyanide : 

NaNH 2 + C = NaCN + H 2 . 

A recent purpose to which the metal has lx‘en put is the dry- 
ing of transformer oils. Ashcroft Ixlieves a reduction in the price 
may increase its uses materially, such as making primary cells, 
obtaining hydrogen by the decomposition of water, and even for 
transmitting electric power. The specific conductivity is only 
about one third that of copix'r, but if equal weights of metal are 
considered Ixitween two given points, the conductivity would be 
three times that of copper, as the density of copper is about nine 
times that of sodium. Some exjx^riments have actually been 
carried out in power transmission with the sodium protected in 
iron pipes.2 

At one time the Acker process * was in operation at Niagara 
Falls for making anhydrous sodium hydrate directly from sodium 

‘ Roscoe and Schorlemmer, Treatise on Chemistry, 2 , 276 (1907). 

* Betts, Min. Ind. 16 , 688 (1906) and El. World, 48 , 914 (1906). 

*Tr. Am. Electroch. Soc. 1, 168 (1902). 
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chloride. Melted sodium chloride was electrolyzed on a lead 
cathode and the resulting alloy was treated with a jet of super- 
heated steam, converting the sodium to hydrate, which floated 
on the lead. After its removal the lead circulated back to the 
electrolyzing chamber. The diflficulties of keeping this process in 
operation were too great to make it profitable. 

Calcium. — Calcium was first isolated by Davy in 1808.^ Lime 
was mixed with red oxide of mercury, slightly moistened and placed 
on a piece of platinum. A globule of mercury in a cavity at the 
top acted as cathode, giving on electrolysis an amalgam of calcium, 
from which the mercury was distilled. 

Bunsen ^ obtained calcium in very small quantities contain- 
ing a little mercury by electrolyzing with a high current density a 
boiling concentrated solution of calcium chloride acidified with 
hydrochloric acid. Th(‘ cathode was amalgamated platinum wire. 
Rathenau ® was first to obtain calcium in a compact form in fairly 
large quantities by a rather original method. The bath consists 
of calcium chloride very little above its melting point. An iron 
rod is used as cathode, which just touches the suiface of the bath. 
As the melting point of calcium is a little higher than that of the 
bath, it solidifies on detx)siting and adheres to the rod, which is 
gradually raised, thus drawing out a stick of calcium with a certain 
amount of chloride adhering to it. It is not necessary to lower the 
melting point of the electrolyte by adding calcium fluoride. 

A suitable laboratory cell for this electrolysis can be made by 
lining a sheet-iron box with firebrick. Two graphite anodes are 
placed at opposite sides covering the whole area of these sides. 
This large anode area prevents the anode effect, which would 
otherwise be very troublesome. The calcium in contact with the 
cathode must be liquid, othenvise the rod drawn out will contain 
calcium chloride. In order to accomplish this, it must l)c possible 
to regulate the voltage across the cell constantly in order to regulate 
the temperature. This is done by varying the exciting current of 
the generator. It takes some experience to carry out this elec- 
trolysis successfully. The chloride can be dehydrated and melted 
in the electrolysis cell by playing a large blastlamp flame on the 
chloride ; it does not hydrolyze. It should be melted down in thin 
layers and each layer should be allowed to solidify before adding 
more chloride, othenvise there is danger of explosions. 

* Alembic Club Reprints, No. 6, p. 48, Ostwald Klassiker, No. 45. 

• Pogg. Ann. 91, 623 (1854), in an article on the preparation of chromium. 

«Z. f. Elektroch. 10, 508 (1904). 
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This electrolysis can be carried out by withdrawing the cathode, 
at a regular rate by a motor.^ 

A cell, shown in 

Figure 175, with a 
submerged cath- 
ode has been pat- 
ented by Seward 
and von Kiigel- 
gen.2 This cell 
consists of a cir- 
cular iron box, A, 
through the bot- 
tom of which pro- 
jects a conical iron 
cathode, B, insu- 
lated from the box 
by insulating ma- 
terial, aa. The 
anode, T, is a car- 
bon lining also in- 
sulated from the 
iron box. Above 
the cathode and 
concentric with it 
is a water-cooled 
collecting ring, E, 
which separates 
the metal rising 
to the surface from 
the chlorine. The „ „ . 

, , Fio. 175 . — Skctiox of ( kll of Seward and von 

metal accumulates KIoeloln for the rRODUcmoN of Calcium 
till the ring is full. 

The top layer is solid, due to the cooling of the air, and the bot- 
tom is soft or melted. The solid part is fastened to a hook, F , 
and gradually drawn out. 

Calcium metal has very little use in the pure state, but when 
alloyed with lead it makes a good Ix^aring metal. When used for 
this purpose the alloy can be made by electrolyzing calcium into 

‘Brace, Tr, Am. Electroch. Soc. 37, 40.') (1920); Chem. Met. Eng. 26, 
105 (1921). 

*U. S. Pat. 880,760 (1908); Min. Ind. 17 , 99 (1908); 16 , 131 
(1907). 
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a melted-lead cathode. Frary metal, consisting of lead containing 
2 percent of calcium and barium, is made by the United Lead 
Company at Keokuk, Iowa, by electrolyzing mixtures of calcium 
and barium chlorides, in iron pots with lead cathodes.^ Appar- 
ently this electrolysis does not go as smoothly as the straight 
calcium electrolysis, as it is said there is a tendency to arcing, 
fogging, and the production of carbides. At the end of three days’ 
continuous electrolysis the cathodes contain 2 percent of the 
alkaline earth metals. 

Magnesium. — Magnesium was first prepared in an impure 
state by Davy ^ by reducing its oxide at white heat with potassium 
vapor. Bunsen^ was the first to produce magnesium by the elec- 
trolysis of fused magnesium chloride. This is the present method 
of its manufacture. 

It is difficult to remove the water of crystallization of magnesium 
chloride without changing it to the oxide. Several methods have 
been proposed to overcome this difficulty. Bussy'* made the anhy- 
drous chloride by heating a mixture of magnesia and carbon in chlo- 
rine ; Liebig ^ dehydrated after mixing with ammonium chloride ; 
Matthiessen proposed the use of carnallite (MgCL • KCl • 6 H 2 O) 
whose principal source is the mines at Stassfurt. Several schemes 
for avoiding the use of chloride altogether have been patented by 
Seward and von Kiigelgen, one of which is modeled on the alumi- 
num electrolysis. Magnesia is dissolved in magnesium fluoride 
or in a mixture of magnesium fluoride and a fluoride of some 
alkaline or alkaline-earth metal. A mixture which is said to give 
good results consists of two parts of magnesium fluoride, one part 
of lithium fluoride, and one part of calcium fluoride.® According 
to Tucker and Jouard, the electrolysis of a bath of this kind gives 
no metal, ^ but it is being developed by the American Magnesium 
Corporation at Niagara Falls. 

In the electrolysis the metal has a tendency to deposit on the 
cathode in small globules which do not easily unite. According 
to Get tel this is due to a thin film of oxide caused by an impurity 
of magnesium sulfate, which gives oxide according to the reaction 

‘ Cowan, Simpkins, and Hiers, Tr, Am. Electroch. Soc. 40 , 27 (1921). 

* Phil. Trans. 98 , 336 (1808). 

» Liebig’s Ann. 82 , 137 (1852). 

* Journ. de Chim. medicale 6, 141 (1830). 

» Pogg. Ann. 19, 137 (1830). 

* Electroch. Met. Ind. 6, 160 (1908) ; U. S. Pat. 880,489 (1908). 

^Tr. Am. Jllectroch. Soc. 17 , 249 (1910); see, however, Magnesium, 
American Magnesium Corporation, p. 4 (1923). 
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MgS 04 + Mg - 2 MgO + S02.^ Natural camallite should there- 
fore have the impurities removed before electrolyzing, or should 
have them made harmless by the addition of enough sodium 
chloride to make the composition correspond to the formula 
MgCb • KCl • NaCl as patented by the Magnesium (lesellschaft 
at Hemehngen.2 The presence of some calcium fluoride helps in 
causing the globules to unite, possibly by dissolving the oxide film. 

Bunsen’s cell for magnesium was divided into anode and cathode 
compartments by a non-conducting diaphragm which did not 
reach to the bottom of the cell. The salt was kept fused by the 
current. 

In Borchers’ experiments with carnallitc the current density 
on the cathode was 10 amp./sq. cm. (93 ainp./sq. ft.) with 7 to 
8 volts applied. The temperature was not much above the melt- 
ing point of magnesium (650° C.) because at this temperature the 
metal is heavier than the fused salt and sinks to the bottom, while 
at bright red heat the metal floats to the surface. 

Bunsen produced magnesium with a current efficiency of 59.8 
percent, using fused magnesium chloride, whose melting point is 
711° C.’’ Oettel used camallite and reached a current efficiency 
of 90 to 95 percent, while Tucker and Jouard did not exceed 60 
percent. In all these ex^^eriments, the magn(‘sium had to be 
remelted to get it into large pieces. 

Magnesium can also be made by drawing it out of the bath on 
the cathode as is done with calcium,^ but as magnesium does not 
burn in floating on the bath there does not secan to bo any reason 
for using this method. 

The Haag cell ^ formerly used in Germany has three compart- 
ments. In the first the salt is fu.sed by a resistance furnace; 
from here it flows into the second chamber, where electrolysis takes 
place. The third compartment receives the magne.sium and 
camallite, where the two are separated. 

The large demand for magnesium during the war caused sev- 
eral companies in this country to start its manufacture. Among 
these was the General Electric Company, which operated according 
to patents taken out by Dantsizen and Wallace.® Magnesium 

j Z. f Elektroch. 2, 394 (1895). 

* Borchers, Electric Smelting and Refining, p. 16 (1904). 

* Lorenz, Elektrnlyse geschmolzener Salze, 2, 7 (1905). 

< Arndt and Kurze, Z. f. Elektroch. 18, 994 (1912). 

® Kershaw, Electrometallurgy, p. 223 (1912). 

•Anhydrous magnesium chloride, U. S. Pat. 1,276,499; electrolysis cell, 
U. S. Pat. 1,190,122 (1916). 
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chloride is mixed in solution in cqui-moleeular proportions with 
ammonium chloride and is dehydrated at a temperature between 
215° and 230° C., requiring about 8 hours. After dehydration the 
mixture is charged into a fused bath of magnesium chloride at 
500° to 600° C. The ammonium chloride is volatilized and is 
collected in a condensing chamber. The electrolyzing chamber 
consists of an iron box lined with magnesite brick 22 in. long, 
18 in. wide, and 14 in. deep. The cathode is a submerged iron rod 
midway between two graphite anodes placed at the sides of the 
cavity next the lining. The metal floats to the surface and is 
ladled out without any appreciable oxidation. The current 
efficiency is between 50 and 75 percent. The cells take 10 to 15 
volts each, and 1800 amperes. 

In order to avoid the danger of short-circuiting the cell by the 
floating magnesium or to prevent its loss by recombination with 
chlorine at the anode, the Magnesium Company of Wolverhamp- 
ton, England, first electrolyze with a lead cathode and then use 
the lead-magnesium alloy as anode in another cell.^ Both cells 
are made of cast steel lined with brick. They are in series and take 
500 amp., the first at 5 volts, the second at 2. The cathode current 
density in the first cell is 1500 amp./.sq. ft. In the second cell the 
cathodes are a large numb(‘r of small-diameter steel rods, and the 
magnesium is removed as it is produced. In the first cell the 
current efficiency is 85 percent, and the total energy efficiency of 
the process is 40 percent, corresponding to 1,28 kg./kw.-day. 
In this process the chloride is dried first in a current of air at 
150° C. for several hours with the removal of half of the water of 
crystallization, and it is then treated with hydrochloric acid at 
300°. Sodium chloride or potassium chloride is added to lower the 
melting point from 750° C. 

The uses of magnesium are principally for illumination in photog- 
raphy and signaling, and as a deoxidizer in the steel and nickel indus- 
try.2 Several light and strong alloys are made from magnesium. 
Magnesium containing 2 to 4 percent zinc is said to be better than 
aluminum-magnesium alloys. It has a specific gravity of only 1.8. 

Cerium. — Cerium, or a mixture of cerium with other rare-earth 
metals, can be made by electrolyzing the corresponding chlorides 
if the proper conditions are maintained.® An iron pot as cathode 

» S. T. Allen, Chem. Met. Eng. 26, 987 (1922). 

»Min. Ind. 7, 498 (1898) ; 17, 631 (1908) ; 19, 467 (1910). 

• Thompson, Met. Chem. Eng. 17, 213 (1917) ; Hirsch, Tr. Am. Electroch. 
Soc. 20, 1 (1911) ; 37, 359 (1920). 
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containing the fused chlorides and graphite anode, suitably sup- 
ported, are all the apparatus required. There is no necessity for 
the complicated cell described by Muthmann, Hofcr, and Weiss.^ 

The raw material, cerium dioxide, is a by-product of the Welsbach 
mantle industry. Some samples of the dioxide dissolve readily in 
hydrochloric acid with the evolution of chlorine, according to the 
reaction Ce02 + 4 HCl = CcCh -f 2 H-iO -f ^ C'b, and others 
do not. An insoluble sample may be changed to the chloride by 
first making cerium carbide by reduction with carbon and then 
treating this with hydrochloric acid. The chloride solution can 
be evaporated to dryness and melted without serious decomposi- 
tion by heating in an iron pot over a blast lamp. The small 
amount of oxide formed on evaporation is converted back to 
chloride by the chlorine evolved by the ele(;trolysis. 

On electrolyzing the fused chloride, cerium collects in a solid 
lump at the bottom of the iron vessel, which usually has to be 
broken to remove the metal. The voltage, temperature, and 
distance apart of the electrodes have to be properly adjusted to 
make this electrolysis succeed. Too high a current makes the 
temperature too high and causes the bath to sw{'ll up like a sponge 
and turn black. If the current is reduced to the prof)er value, the 
bath can be regenerated by the chlorine produced. The current 
efficiency varies from 13 to 35 percent. 

The uses of cerium are to make the pyrophoric iron alloy con- 
taining 30 ix'rcent iron which is used in gas lighters, and it is also 
used to deoxidize cast iron.^ 

— The extraction of zinc by electrolyzing fused zinc 
chloride has been attempted on a semi-commercial scale ,3 in the 
Swinburne-Ashcroft process and in the Malm process, -» but as 
further development has ceased, this process will not be described. 
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CHAPTER XIX 


THE ELECTROTHERMIC REDUCTION OF METALLIC 

OXIDES, STEEL REFINING, AND BRASS MELTING 

General Discussion. — Before giving an account of the applica- 
tion of electric heating to the iron and steel industry, a short sketch 
of the older methods of extracting and n'fining iron will not be 
out of place. 

The extraction of iron from its ores, consisting principally of 
oxides of iron mixed with clay, silica, and other impurities, is 
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accomplished by reducing the ore with same form of carbon, usu- 
ally coke. This operation is carried out in a blast furnace, a cir- 
cular brick structure lined with silicious brick, and varying in 
size from 48 feet to 106 feet in height, and from 8 feet to 15 feet 
in diameter at the base. Figure 176 shows the elevation of a blast 
furnace. It consists of three principal parts : (1) the crucible 
or hearth at the base, cylindrical in shape, (2) the bosh directly 
above, which gradually widens, and (3) the stack, from which 
point the furnace contracts for the rest of its height. The furnace 
is filled with alternate layers of ore, coke, and flux, the latter 
usually consisting of calcium carbonate. The object of the 
flux is to form a fusible slag with the constituents of the ore which 
are not reduced by the carbon, such as silica and alumina. The 
heat necessary to raise the charge to a temperature high enough 
for reduction is produced by the combustion of the coke in the 
charge, by means of air forced in through the tuyeres, F, projecting 
through the wall of the furnace just below the bosh. The carbon 
therefore serves the double purpose of furnishing the heat and of 
reducing the ore. 

The highest temperature of the furnace is near the tuyeres 
and a few feet above tlK'in ; in this region the slag and iron melt 
and drop into the crucible, where they separate, the slag floating 
on the iron. These are drawn off from time to time through the 
tap-holes G and //, and fresh material is fed into the top of the 
furnace by mechanical means. The iron thus produced is known 
as pig iron, and contains from 3 to 4 percent of carbon, as much 
■as four percent of silicon, and 1 percent of manganese, and a 
few hundredths of 1 percent of sulfur and phosphorus. Only 
about 25 percent of the pig iron made in this country is used 
without subsequent purification.^ Purification or refining of iron 
is accomplished by oxidizing the impurities and causing them to 
form a slag, which floats on the iron. 

One method of refining consists in blowing air through the 
liquid metal in a Bessemer converter. The lining of the con- 
verter may be either basic, consisting of calcined dolomite (cal- 
cium and magnesium oxides), or acid, consisting of silica. The 
Bessemer method is very rapid, silicon and manganese oxidizing 
in about four minutes from the time when the air is first blown 
in. The carbon then begins to oxidize to carbon monoxide, 
which boils up through the metal and comes out of the converter 
in a long flame. In about six minutes from the time the carbon 
* Stoughton, The Metallurgy of Iron and Steel, 3d ed., p. 48 (1923). 
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begins to oxidize, it is reduced to approximately 0.04 percent, 
and the operation is then stopped. The temperature is higher at 
the end of the process than at the start, diu' to the hc'at of oxidation 
of the impurities. A calculated amount of carlK)n is then added, 
also 1.5 percent of manganese to remove the oxygen, and 0.2 per- 
cent silicon to remove the other gases. The steel is then cast into 
molds. 

The second method is known as the basic open hearth or 
Siemens-Martin process. The charge consisting of about 55 per- 
cent steel scrap and 45 percent cast iron is refined in a large re- 
verberatory furnace. The cast iron is added in the liquid state 
when the scrap is beginning to melt. The slag consists in lime- 
stone, and heavy black magnetite is added to oxidize the impurities. 
This is assisted by the excess of oxygen in the furnace gases. A 
longer time is required to remove the impurities than in the Bes- 
semer process, and it is therefore never used for cast iron alone. 

The third method of purification is known as the puddling 
process, in which the iron is melted on the hearth of a rever- 
beratory furnace lined with oxides of iron. The pig iron is charged 
by hand through the doors of the furnace and is na'lted as quickly 
as possible. During melting, silicon and mangaiK'se go into the 
slag, as well as some of the oxide of the lining. Iron oxide is then 
added in order to make a very basic slag ; tla^ charge is thoroughly 
mixed, and the temperature is lowered to the point where the slag 
begins to oxidize th(‘ phosiihorus and sulfur before the carbon. 
After the removal of these impurities, the carbon begins to oxidize 
and comes off as carbon monoxide*, which burns on coming in . 
contact with the air. During this time the puddler stirs the charge 
vigorously with a long iron rabble*, an instrument shaped like a hoe. 
As the iron becomes pure, its me*lting pe)int rises anel it begins to 
solidify, since the temperature e)f the* furnace is be*le)W the melting 
point of pure iron. The iron is finally re'inoved in the form of a 
ball dripping with slag, and is put through a squeezer to remove the 
slag as much as pe)ssible. This pre)duct is known as wrought 
iron. It is converted into steel by two methods, (1) the cementa- 
tion, and (2) the crucible proce.ss. In the cementation process 
the wrought iron is carburized by heating, without melting, in 
contact with carbon. The carbon slowly j^enetrates the iron and 
changes it to steel. In the crucible process the wrought iron is 
cut up into small pieces and is melted in covered crucibles with the 
desired amount of carbon or other element that is to be alloyed 
with it. When the process is finished the steel is cast into molds. 
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By thus remelting the iron, the slag is removed and the required 
amounts of carbon, silicon, and manganese are added. 

The Electrothermic Reduction of Iron Ores. — The conditions 
under which electric heating can economically be substituted for 
the heat of combustion of coke in the reduction of iron ores are 
purely local. In places where iron ore can be obtained cheaply, 
where metallurgical coke is expensive, where water power is cheap, 
and where iron would have to be hauled from a great distance to 
supply the local demand, it may be possible to produce iron by 
electric heating at a price low enough to comf)ete with that brought 
from a distance.^ 

In the blast furnace the reduction of iron ore is effected by the 
carbon monoxide from the combustion of carbon, according to the 
reaction Fe 203 + 6 CO = 2 P'c -}- 3 CO -f- 3 C02.^ More carbon 
than the theoretical amount is required, because 3 percent of the 
weight of pig iron is carbon which comes from the charge, and 
another amount is used in reducing the impurities. About one 
ton of fuel is required for a ton of pig iron. 

In an electrically heated furnace the reaction is Fe 203 + 2 C = 
2 Fe -h CO + CO 2 , consequently only one third as much carbon 
is required as in the blast furnace. 

The calculated yield of iron containing 3 percent of carbon, 
1 percent of silicon, 96 jx»rcent of iron, and traces of manganese, 
phosphorus, and sulfur, made from a charge containing 60 percent 
of iron in the form of magnetite, is 5.9 tons per kilowatt-year,® 
while about 3,9 tons is attained in practice. Therefore, if the cost 
of pig iron depended only on the cost of coke and electric power, 
the cost of production by the blast furnace and by the electric 
furnace would be equal when the cost of one ton of coke equals the 
sum of the costs of one third of a ton of coke plus one fourth of a 
kilowatt-year, or when the cost of one kilowatt-year equals that 
of 2J tons of coke. 

The first attempt to apply electric heating to the metallurgy 
of iron was made in 1853 by Pinchon,^ and in 1862 Monkton 
took a patent in England for the reduction of ores by the electric 
current. Sir William Siemens again called attention to this subject 
in a lecture before the Society of Telegraph Engineers in London 

^ Eugene Haanel, Tr. Am. Electroch. Soc. 16, 25 (1909), and P. McN. 
Bennie, ibid., p. 35. 

* Richards, Metallurgical Calculations, p. 278 (1918). 

* Presumably long tons, 2240 lb. or 1000 kg. Lyon and Keeney, Electric 
Furnaces for Making Iron ami Steel, Bureau of Mines Bull. 67, p. 30 (1916). 

* B. Neumann, Electromeiallurgie des Eisens, p. 3 (1907). 
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in 1880.^ The first, however, to show by experiments on a large 
scale that iron can be reduced commercially by electric heating 
was the Italian army officer, Major Stassano.- Patents were 
taken out by him in the year 1898 in different countries, con- 
sequently this date marks the beginning of the actual application 
of electricity to the metallurgy of iron. The contraction of the 
carbide industry in 1899 to 1900, due to overproduction, leaving 
idle a number of water-power stations in southeastern France, for 
which some new application of electric power was needed, also 
hastened the introduction of electric heating in the iron industry.* 
Stassano’s preliminary experiments on the reduction of iron 
ore were carried out at Rome in 1898, with tlie 1 50-11 orse-power 
furnace represented in Fig- 
ure 177. It is seen to re- 
semble an ordinary blast 
furnace. Since there was 
no combustion of carbon, 
no reducing gases were pro- 
duced ; consequently, in or- 
der to l)ring the carbon and 
ore in intimate contact, 
they were powdered, mixed, 
and made into briquettes 
with pitch as a binder. The 
furnace was first heated 
without a charge; an iron 
grating was then placed in 
the furnace 20 centimeters 
above the arc, and the mixture was charged m from the hopper 
at the top and was held up by the grating. I'he grating eventually 
melted, and the ore in contact with it was reduced. In this stote 
the mixture which lay on the grating liecamc fused and formed an 
arch, which supported the charge even when the grating melted 
away. As the heatfrora the arc penetrated the mass above, the arch, 
iron was reduced and dropped into t he crucible below. In the eour^ 
of twelve hours the arch increased so in thickness, due to the 
slag produced, that it prevented the efficient heating of the charge 
above. Consequently this form of furnace was given up, and one 





Piy J77 — Section ok Stawano’s Firpt 
F CUN ACE AT Rome 


* Elektrotech. Z. 1, 325 (1880). 

* Aakenasy, Techmsche FAektrochemu, 1, 94 (1910). 

* J. B. C. Kershaw, EleetTometaUurgy, p. 175 (1^8) 

* See an article by Staasano reprinted in Haanel s Report, p. 178 (1904). 
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was adopted in which the material was introduced below the an 
as is done in refining furnaces. The final form adopted at Darfc 

in northern Italy, ii 
shown in Figures 17^ 
W and 179. Movement 

I of the entire chambei 

i in which the fusior 

Jil takes place is effected 

^ ^ by rotating about an 

/j li inclined to the 

vertical. The elec- 
J A tricity is conducted to 

furnace by sliding 

/ f h \ contacts on two metal 

j jfY I rings at the top of the 

Eh II'jH ■Sr' Is ip furnace. This fur- 

I nace worked perfectly 

\ satisfactorily, even 

when run for several 
days. The most dif- 
|j ficult questions to de- 

relation 

I j between the size of the 

^ cavity and the energy 

Fig. 178. - Horizontal Section or the Stasbano to be supplied, and the 

manner of making the 

refractory lining. The carbon electrodes were 1.5 meters long 
and lasted sixty consecutive hours. The furnace was supplied with 
1000 amperes at 100 volts, and since the value of the cosine of the 
phase difference between electromotive force and current was 0.8, the 
power consimied was 80 kilowatts. The best yield with this 
furnace was one kilogram of soft iron for 3.2 kiloWtt-hours, and 
the iron obtained was alwa^ys over 99 percent pure. The ore, 
which was from the island of Elba, had the following composition : 


PERCENT 


93.020 

0.619 

3.792 

CaO, MgO 0.500 

Sulfur 0.058 

Phosphorus 0.056 

Moisture 1.720 
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According to Stassano, the plant at Darfo w.-is shut down for 
reasons not directly connected with the success of the process. 

The Keller furnace ‘ for making pig iron is shown in Figure 
180. This furnace was seen in oix-ration by the Canadian ( om- 
mission at Livet, France, in 1904. It consists of two iron castinf^ 
of square cross-section, forming two shafts communicating with 
each other at their lower ends by a lab-ral canal. The casting 
are lined with refractory material. Tlio base of ench shaft is 
1 Haanel’s Reiwrt, p. li> (1904). 
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provided with a carbon block, these two blocks being connected to 
each other outside the furnace by copper bars. On starting, 

before there is metal in the 
canal, the current flows from 
one block to the other 
through the copper bar, but 
when enough metal has been 
reduced to partially fill the 
canal, most of the current 
flows through the melted 
metal. The electrodes are 1 .4 
meters long and 85 by 85 cen- 
timeters in cross-section. 
The cost of electrodes per 
metric ton of pig iron is esti- 
mated by Keller at 3.85 
francs. The energy absorbed 
per metric ton of pig iron in 
a furnace supplied with 1 1 ,000 
amperes at 60 volts was 0.390 
kilowatt-year for the run, and 
with a smaller furnace sup- 
plied with 7000 amperes at 55 volts it was 0.186 kilowatt-year 
for the run.^ 

Following the tour of inspection by the Canadian Commission, 
an investigation was carried out for the Canadian government 
in 1906 by H^roult, to see (1) whether magnetite could be eco- 
nomically smelted by the clectrothermic process ; (2) whether 
ores containing sulfur, but not manganese, could be made into 
pig iron of marketable composition ; and (3) whether charcoal 
could be substituted for coke. The furnaces were slightly modified 
as the investigation proceeded, and the final form is shown in 
Figure 181. It consists of a cylindrical iron casting \ inch thick, 
bolted to a bottom plate of cast iron 48 inches in diameter. The 
casting was made in two sections bolted together by angle irons. 
In order to make inductance small, the magnetic circuit was broken 
by replacing a vertical strip of 10 inches width in the casting by 
copper. Rods of iron were cast into the bottom plate to secure 
good contact with the carbon paste rammed into the lower part 
of the furnace. The electrodes, 6 feet long and 16 by 16 inches in 
cross-section, were manufactured by a process of H^roult’s and 
‘ Haanel’s Report, p. 20 (1904). 


Fio. 180. — Skction of the Keller Fur- 
nace FOR Heducinu Ikon Ore 
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were imported from Sweden. The pipe' k was for the purpose of 
cooling the electrode hold(‘r by a current of air. The current was 


between 4000 and 5000 amfx?res at 36 
to 39 volts, and the power factor was 

0. 919. The consumption of the elec- 
trode in these experiments was 8.9 
kilograms per metric ton of pig iron i)ro- 
duced. The yield pc'r unit of energy 
varied somewhat, but was approxi- 
mately 0.25 kilowatt-year of 365 days 
per metric ton of pig iron (10 kg./kw.- 
day). 

The results of these exix'riments 
were : 

1. Canadian ores, chiefly magnetites, 

can be as economically smelt('d 
as hematites by the elect rot her- 
mic process. 

2. Ores of high sulfur content can be 

made into pig iron containing 
only a few thousandths of oiu' 
percent of sulfur. 

3. The silicon content can be varied 

as required for the class of j^ig 
iron to be produced. 



FlO. ISl — Sl',(’Tl()NS OF THH 
IJhKOtlM' Kxi'KHlMENTAIi 
FrUNACE KOlt llEDUClNO 
1j«>N OltE 


4. Charcoal, which can be cheaply produced from null refuse, 
or wood, which could not otherwise Ix' utilized, and peat 
coke, can lx; substituted for coke without being briquetted 


with the ore. 

5. A ferro-nickel pig can be produc(‘(l practically free from sulfur, 

and of fine quality, from roasted nickeliferous pyrrhotite. 

6. Titaniferous iron ores containing up to rj\'e percent can lx? 

successfully treated by the elect rothermic process. 


These results demonstrated the h'asibility of applying the 
clectrothermic process to the nxluction of iron ores.^ All that 
was necessary to put it on a commercial basis was tlx* construction 
of a furnace that could be economically and successfully used in 
practice. This was undertaken by three Swedish engineers, 
Messrs. Gronwall, Lindblad, and St&lhane, at Domnarfvet, 
Sweden. Seven furnaces were constructed and tested l)cfore 


‘ Haanel, Re|X)rt on Exi}8. at. Sault Stc Mario, Out., p D7 (1907). 
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arriving at the one which they considered practical and commercial. 
This required over two years and an expenditure of $102,000. 

A vertical section of the 
furnace is shown in Fig- 
ure 182, from which the 
general construction is 
perfectly obvious. It 
evidently resembles some- 
what Stassano’s original 
furnace, and, like his, 
is started as an ordinary 
blast furnace.^ The 
crucible is 2.25 meters 
in diameter and 1.5 me- 
ters high. The most im- 
portant point in the con- 
struction is the manner 
in which the electrodes 
are brought into the 
melting chamber. As 
seen from the section, 
they enter through that 
portion of the roof of the 
criici})le that does not 
come in contact with the 
charge, and pass into the 
charge at the slope formed 
by the materials of which it is composed. The electrodes dip into 
the charge, but not into the melted iron beneath it.^ Experiments 
had shown that the brickwork lining around the electrodes was al- 
ways destroyed if brought in contact with the charge, even 
when the electrodes were water cooled. The brickwork compos- 
ing the lining of the roof of the melting chamber was cooled 
by forcing against it, through tuyf^res, the comparatively cool 
tunnel-head gases. The heat absorbed by these gases is given 
back to the charge above. 

A three-phase current is supplied to three electrodes 11 by 
22 inches in cross-section and 6.3 inches in length. The water- 
cooled stuffing boxes through which the electrodes enter the 

* For the evolution of the furnace, and dimensions, see Met. Chem. Eng. 
8 , 11 (1910). 

• Assar Gronwall, Electrooh. Met. Ind. 7, 420 (1909). 



Fio. 182. — Section op Furnace at Domnarp- 
VBT, Sweden, for Reducing Iron Orb 
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melting chamber are provided with devices to prevent the hot 
gases under pressure from leaking out around the electrodes. 
The yield of pig iron is 10 kg./kw\-day, the consumption of char- 
coal is 37 percent of the weight of pig iron produced, and the 
electrode consumption, 0.8 pt'rcent.^ 

This type of furnace has proved a permanent success, and many 
have since been built. There are nineteen in Sweden, and eleven 
distributed through Norway, Switzerland, Italy, and Japan. 

The Domnarfvet furnace was designed for the use of charcoal, 
but tests have shown that mixtures of coke and charcoal up to 50 
percent coke can be used, while higher |X‘rcentages of coke give 
poor results. Coke alone would require a different and as yet 
unknown design. The following are the present I’equirements per 
metric ton of pig iron, and the composition of the gas: * 


Iron oro 1720 kg. CO 2 25 percent 

Limestone GO kg. CO 65 percent 

(Charcoal 370 kg. H 2 8.5 percent 

Electrodes .... 8 kg. N 2 1.6 percent 

Power 2400 kw.-hr. 


From 1909 to 1914 experiments on reducing iron ore in a 1500- 
kilowatt shaft furnace were carried out at Ileroult, California, but 
the process was given up.^ Electric ))ig iron with low phosphorus 
and sulfur has becui made in this country from steel scrap, and the 
same process had great devedopment in EYance during the war. 
This consisted in melting the steel and adding the necessary 
carbon. 3 The product is called .synthetic cast iron. 

Furnaces without shafts, such as ferroalloy furnaces, arc also 
used in reducing iron ore, and according to Turnbull produce iron 
more cheaply than shaft furnaces, which, unless the gases are used, 
are “ complicated, exjx'nsive, and unneces.sary . . The cost 
of pig iron smelted in 7000- to 10,000-kw., rectangular open-top 
furnaces has been estimated at about $40 per net ton.^ Smelt- 
ing can also be done in induction furnaces under certain con- 
ditions and compete with the blast furnace.^ One advantage of 


^De Geer, Chem. Met. Eng. 24 , 433 (1921). 

* Keenev, El. J. 17 , 206 (1920) ; Bureau of Mines Hull. 67 (1916). 
‘Turnbull, Tr. Am. Electroch. Soe. 32 , 119 (1917). Keller, ibid., 


87 . 


189 (1920) 

‘ Gosrow, Tr. Am. Eleetroeh. Sor. 41 , 120 (19^). For relative advantages 
of open- and closed-top furnaces, see the discussion following this paper. 

‘ Rodenhauser, Schoenawa, and Voin Baur, Electric Furnaces in the Iron 
and Steel Industry, p. 349 (1920). 
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the induction furnace is that the raw material may be finely 
divided. 

Electrothermic Steel Refining 

The refining of steel is not confined to the use of water power, 
and on this account, and because of the high quality of the product, 
the number of steel-refining furnaces has increased rapidly during 
recent years. There are now approximately 1000 in operation in 
the world. The advantages of electric furnaces are the following ; ^ 
the rapidity of heating, the accurate control of temperature, 
freedom from contamination by gases of combustion, the high 
degree of refining possible from cheap raw material, and the 
smaller quantity of ferroalloys required. 

The process of refining^ consists in holding the liquid steel 
in contact with a shig which is able to reduce the impurities to the 
desired amounts. The principal impurities are carbon, sulfur, 
and phosphorus. First a slag consisting of lime, iron oxide, a 
little silica, and sometimes some calcium fluoride to make it more 
fluid, is used. Iron oxide removes carbon as carbon monoxide, 
and phosphorus is oxidized to the pentoxidc and dissolves in the 
slag. Sulfur is present as iron and manganese sulfides and is 
soluble in both steed and .slag, but the relative amount of sulfur 
in slag to that in steel^increa.ses with the basis! ty and temperature 
of the slag. In order to remove sulfur completely it must be con- 
verted to a sulfide which is soluble only in slag. Calcium sulfide 
fulfills this requirement, but it cannot exist in an oxidizing slag, 
for it would be oxidized to calcium sulfate, and this is acted on by 
iron to produce iron sulfide, possibly according to the reaction, 
CaS 04 + 4 Fc — FeS -f 3 FeO + CaO. Therefore to remove sul- 
fur, the slag containing phosphorus must be removed and a reduc- 
ing slag melted in its place. The oxidizing .slag must be thoroughly 
cleaned off, for phosphorus would go back into the steel from a 
reducing slag. The only difference between a reducing and an 
oxidizing slag is that the oxidizing slag contains iron oxide and is 
black, while a reducing slag is white. Slag is made reducing by 
carbon, forrosilicon, or calcium carbide. Sulfur can then be 
removed to as low a value as 0.001 percent. The reactions are 
approximately as follows : 

^ Rodenhausor, Srhoenawa, and vom Baur, Electric Furnaces in the Iron 
and Steel Industry, p. 05 (1920). 

* Geilenkirchen and Osann, Electroch. Ind. 6, 405 (1908) ; Amberg, 
Electroch. Met. Ind. 7 , 115 (1909) and Tr. Am. Electroch. 1^. 22 , 133 
(1912). 
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Fia. 183. — Graphs Showing Rkhulth of a Refining Run in a 2(X)-Pound 
Heroult Furnace 
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2 CaO + 3 FeS + CaCz = 3 CaS + 3 Fe + 2 CO, 

2 CaO + 2 FeS -f Fe*Si = 2 CaS + (a; -h 2)Fe -h Si02. 

The reducing slag is also necessary to remove oxygen from steel. 
A sample taken while under an oxidizing slag on solidifying emits 
gas in small craters, and is found to be full of holes. When de- 
oxidized, it solidifies quietly. Deoxidation up to a certain point 
is brought about by ferromanganese and fcrrosilicon ; to make it 
more complete, a small amount of aluminum is placed in the ladle 
into which steel is poured from the furnace, and from which the 
final castings are made. Figure 183 shows the results of a refining 
run in a 200-pound H4roult furnace.^ 

The linings of steel-refining furnaces in contact with basic slags 
must of course be basic. Such linings are usually cither magnesite 
brick or magnesite brick with a layer of ground, fused magnesite. 
The object in using a basic slag is that cheaper ores, containing 
sulfur and phosphorus, can be used. Acid linings and slags would 
be used when these two impurities arc not present except in small 
amounts, for they are cheaper in all other respects, such as labor, 

time, power, overhead, repairs, 
linings, fluxes, and recarburizers.^ 
In all of the arc furnaces to be de- 
scribed the ek^ctrodes are water 
cooled where contact is made 
with the electric cables and also 
where they enter the furnace. A 
cooler called the Brooke electrode 
economizer ^ has been devised for 
cooling at the furnace roof which 
cools the gases and prevents the 
burning of the gases and the elec- 
trodes. This is shown in Figure 
184. This economizer is said to 
show a saving of 2U to 50 percent 
in electrode consumption as com- 
pared with the ordinary cooling 
rings. 

, , , The furnace used by Stassano at 

(P«UJit«pplledfor) 1 • rrt . . ^1 

lOA his works in Turin is the same as 

Fia. 184. — Brooke Electrode i h i 

Economizer the one he finally adopted for re- 

‘ Hansen, Electrooh. Met. Ind. 7, 206 (1909). 

» Stoughton, Met. Chem. Eng. 28, 986 (1923). 

3 Ilodson, Tr. Am. Electroch. Soc. 38, 321 (1920). 
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ducing iron ore » (Figures 178 and 179). The charge is heated 
by radiation from arcs formed between three electrodes placed 
above the charge and supplied with a three-phase current. This 
furnace also rotates on an axis inclined at 7 ° to the vertical, in or- 
der to mix the charge thoroughly. The lining is magnesite brick.® 
Starting with scrap and oxidized turnings, about one kilowatt- 
hour is required for one kilogram of finished steel in the 250-horsc- 
power furnaces used at Turin. 

A furnace designed by Charles Albert Keller for steel refining, 
which was put into industrial use in 1907, is shown in Figures 186 
and 186. It consists of a crucible with a conducting bottom for 
one electrode and a vertical carbon rod for the othcr.^ Since 



I 


Fig. 185. — Vertical Section op the Keller Steel-refinino Furnace 

‘ Tr. Am. Electrooh. Soc 15, 03 (1909). 

* Tr. Am. p]lectroch. iSoc. 15, 80 (1909). 

• Tr. Am. Electroch. Soc. 15, 96 (1909). 
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carbon must not be brought in contact with the melted iron in 
refining, the bottom must be made conducting without the use of 

carbon, and this was accomplished 
by Keller as follows: Iron bars 
from 1 to li inches in diameter 
are regularly spaced about 1 inch 
apart, and are made fast to a me- 
tallic plate at the bottom, covering 
the entire area on which the bath 
will rest. Agglomerated magnesia 
is then rammed, while hot, in be- 
tween the bars. The whole base 
is surrounded by a metallic casing 
for water cooling. Electrical con- 
Fio. 180. — Houizontai.Skctionof tact is made by the lower plate to 
THE Kklleu Steel-uefininq wliich ttio bars are fastened. The 
Furnace . *111 

furnace is closed by a cover 

through which the other electrode passes. After several months’ 
use a hearth constructed in this manner was found to be in as 
good condition as on the first day. The advantage claimed for 
this arrangement over a furnace with two vertical electrodes is 




Fio. 187. — Vertical Section of the Heroult Steel- 
REFiNiNQ Furnace 
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that the current is more evenly distributed through the charge, 
and consequently heats it more evenly. Of course, the iron bars 
are melted at their upper ends where they come in contact with 
the melted iron to be refined, but the water cooling prevents 
them from melting for more than a few inches of their length. 

The H4roult steel-refining furnace,* as shown in Figure 187, 
consists of a crucible a with a cover h holding a small chimney 
c. As the figure shows, it is arranged for tilting, d are carbon 
electrodes, which may be moved in a vertical or in a horizontal 
direction. In order to use the furnace for Ressenierizing, the 
tuyeres x were originally provided, but were later omitted, as well 
as the vent c. Arcs are formed between each electrode and the 
slag, and the circulation of the metal e(iualizes the temperature. 
The poorest kinds of scrap, high in sulfur and phosphorus, arc 
refined in this furnace. The following table shows the average 
refining ability of a 2^ton furnace at La Praz, Savoy : 


Tahle 54 


pKnCKNT 



Sulfur 

Ph<)sphoru<» 

Manj?nncBo 

Silicon 

Carbon 

Scrap charged .... 
Finished steel .... 

0.052 

0.006 

0.1.50 
0.009 I 

J 

0.638 

0.2.54 

0.002 

0.172 

0.211 

1.013 


For a 5-ton furnace, starting with (add scrap, 600 kilowatt-hours 
are necessary to partially refine one long ton of steel, and 100 
more for the finishing slag. For a 15-ton furnace, less power 
would be required. 

Figure 188 shows a 15-ton three-phase ITM)ult furnace at the 
South Chicago Works of the Illinois St(‘el (kmipany. The steel 
to be treated is brought directly from the Bessemer converters, 
and two refining slags are used in the electric furnace, the first 
an oxidizing slag to take out the phosphorus, and the second, a 
deoxidizing slag for removing the sulfur and the gases.^ Power 
is supplied to the three electrodes by three transformers, each of 
750 kilowatts capacity. Two hundred and forty tons of steel are 
turned out per day in 16 heats. The electrodes, 2 feet in diameter 
and 10 feet in length, are the largest ever made in one piece. In 

^ Electrochern. Ind. 1, 64 (1902) ; U S Pat. 707,776 (1902). 

* Robert Turnbull, Tr. Am. Electroch. Soc. 16 , 139 (1909). 
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Fio. 188. — Three-phase 15-ton Herouet Steel-refining Furnace at South 




THEORETICAL AND APPLIED ELECTROCHEMISTRY 471 


cold melting and in continuous work, the consumption of electrode 
is from 60 to 65 pounds per ton of steel, but when the metal is 
charged in the melted state, the consumption would be reduced to 
10 or 15 pounds per ton of steel. This includes the short ends that 
cannot be utilized. The linings last from three months to one year, 
depending on the care with which 
the furnace is run ; the roof suffers 
most, and generally has to be re- 
newed once a month. The best 
lining for this furnace is magnesite 
mixed with basic slag, with tar for 
a binder. The roof is a steel-plate 
frame holding bricks in a flat arch. 

In a three-phase H^roult fur- 
nace the electrodes are placed 
equidistant from each other, form- 
ing a triangle, while the lining is 
usually circular in form, conse- 
quently the lining is unequally 
heated and does not wear away at 
a uniform rate. This has been im- 



proved in the Vom Baur furnace,^ 
in which the three electrodes are 
placed in a straight line and the 
cross-section of the inner surface 
of the furnace is so designed that 
where the slag comes in contact 
with the walls the temperature is 
uniform throughout. The spout 
is in line with the electrodes. 
Either three-phase or three-wire 
two-phase current can be used. 

The Ludlum furnace accom- 
plishes the same result^ in very 
much the same way. It increases 



Fig. 181). — Hkctionb of the Qibod 
Steeltkefinino Furnace 


its efficiency by having a very low roof. 

The Paul Girod electric furnace * is somewhat similar to the 


Keller furnace, as seen from Figure 189. One or more electrodes 


1 Tr. Am. Electroch. Soc. 33, 237 (1918). 

* Rodenhauser, Schoenawa, and Vom Baur, Electric Furrujces in ths Iron 
and Steel Industry, p. 284 (1920). 

• Paul Girod, Tr. Am. Electroch. Soc. 16, 127 (1909). 
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of like polarity are suspended above the crucible, while the electrode 
of opposite polarity consists of a number of pieces of soft steel 
buried in the n^fractory material of the hearth at its periphery 
and water cooled at their lower ends. The upper ends come in 
contact with the bath and are melted to a depth of 2 to 4 inches. 
About 55 volts arc applied to this furnace. For fusing, refining, 
and finishing a charge of cold scrap in a 2-ton furnace, about 900 
kilowatt-hours per metric ton of steel are required, and in an 8- to 
10-ton furnace, 700 kilowatt-hours. The electrode consumption 
is 16 to 18 kilograms per metric ton of steel produced in a 2-ton 
furnace, and 13 to 15 kilograms in an 8- to 10-ton furnace. The 
short ends are included as having bt'en used. The lining is mag- 
nesite or dolomite brick or 
paste, and lasts 40 to 50 heats 
without any repairs whatever. 
This furnace is also built for 
three-phase currents. 

The llennerfelt furnace * is 
somewhat similar to the Stas- 
sano furnace. The arc is above 
the bath, but the electrode ar- 
rangement, as shown in Figure 
190, directs the arc downward 
to the bath. Two-phase cur- 
rent is used, which can be 
obtained from three-phase sys- 
tems by the 8cott connection, 
which consists of two trans- 
formers, in which on the three- 
phase side one transformer has a tap at the middle point and the 
other a tap giving 87 percent of the full transformer voltage, 
while the two-phase side may be connected in the normal two- 
phase manner cither independently or interlinked. 

The horizontal electrodes are 3 inches above the bath, and 
their distance from tip to tip is 18 to 22 inches. The arc is very 
steady and automatic regulation is unnecessary. In later designs 
the side electrodes are arranged for tilting in a vertical plane. 
The furnace is circular when there is one set of electrodes, oval 
where there are two. A 3-ton furnace with two 375-kilovolt- 
ampere transformers at 100 volts has 3750 amperes through each 
side electrode and 5287 amperes through the top electrode. The 
'Tr. Am. Electroch. Soc. 29, 497 (1916); 31, 87 (1917). 
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Fio. 190. — Section of the Eijcctuodes 
IN THE UeNNEKFBLT FuRNACE 
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power factor is 0.9, The side electrodes are 5i inches in diameter, 
the top electrode is 6 inches, both of Acheson graphite. 

Melting and refining steel scrap on basic bottoms takes about 
700 kilowatt-hours per metric ton and 3 kilograms of electrode. 

The Gronwall two-phase arc furnace,^ shown in Figure 191, 
has two vertical electrodes passing through the roof, each con- 
nected to one phase. The neutral electrode is a carbon block 
fixed in the bottom of the furnace and is covered by the basic 
lining. The arcs are consequently independent of each other. 

The Greaves-Etchells furnace^ has the electrodes arranged 
similarly to those of the Gronwall furnace but is supplied by three- 
phase current. The high-tension electric supply is transformed by 
means of a delta-star connection. The leg connected to the 
hearth maintains 27 volts, each of the other two legs, 60 volts. 

The Booth-Hall furnace,* shown in Figure 192, also has a con- 
ducting bottom. When heating up, the auxiliary electrode, shown 
in black, is used until the bottom becomes hot enough to conduct, 
when the auxiliary electrode is disconnected and the grids in the 
bottom are connected in its place. This furnace is built for single- 
phase, two-phase, or three-phase circuits. The positions of the 
electrodes for the three cases are shown in Figure 193. For making 
steel from the ordinary grade of steel castings, this furnace averages 
from 500 to 550 kw.-hr. per 2000 lb. of poured steel. 

For purely melting operations where slags do not have to be 
handled, rotating furnaces have been found advantageous, as the 
heat that is ordinarily lost through the roof is partly saved. 
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Fia. 193. — Diagrammatic Representation of Electrode Arranobment in 
Booth-Hall Steel-refining Furnaces 


* Robertson, Met. Chem. Eng. 9, 573 (1911). 

* Moore, Chem. Met. Eng. 2S, 825 (1920). 

» W. K. Booth, Tr. Am. Electroch. Soc. 33, 247 (1918). 
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The Booth rotating furnace ^ is a horizontal cylinder with the 
electrodes in line with the axis. A rocking furnace* has been 
designed and tested by Gillett and Rhoads of the Bureau of Mines 
and is built by The Detroit Electric Furnace Company. In both 
of these an arc plays between electrodes above the metal to be 
melted. 

The Baily furnace * is of the resistance type. It is built in two 
forms : (1) a round tilting form, consisting in a vertical cylinder 
with a heating element of granular carbon placed in an annular 
trough of silicon carbide. The electrodes enter the trough dia- 
metrically opposite each other. (2) A rectangular furnace for 
melting large tonnage and for smelting. This has two straight 
resistor troughs. The heating element is above the charge and the 
heat is reflected down from the roof. 

An entirely different class of steel-refining furnaces arc those 
having the melted metal in the form of a ring, forming the sec- 
ondary of a transformer which is heated by an induced current 
from a primary coil of copper wire.^ This type of furnace was 
patented in 1887 by Colby in the United States and by Ferranti 
in England. The same principle was applied on a small scale 
in 1900 by F. A. Kjellin at Gysinge, Sweden, without knowing 
at the time that it had been patented by others.® Kjellin, how- 



Fio. 194. — Vertical Section of the Kjellin Inuiction Furnace 
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ever, seems to have been the first to carry this idea out on a com- 
mercial scale. In 1902 a 225-horse-power induction furnace 
was in operation at Gysinge, with an output of 4 metric tons in 
24 hours. This furnace had a magnesite lining in place of silica 
used in the smaller furnace. A silica lining lasted only about one 
week, while the magnesite lasted twelve. 

Figures 194 and 195 show sections of the Kjellin furnace. The 
magnetic circuit C is built up of laminated sheet iron. D is. the 
primary circuit, consisting of a number of turns of insulated copper 



Fio. 195. — Horizontal Section of the Kjellin Induction Furnace 


wire or tubing. The ring-shaped crucible A , for holding the melted 
metal, is made of refractory material. This furnace cannot be 
started by placing cold scrap in the crucible because of the low 
induced electromotive force, but an iron ring must be placed in the 
crucible and melted down, or the crucible must be filled with 
melted metal taken from another source. The power consumption 
of the furnace at Gysinge, starting with cold pig iron and scrap, is 
about 800 kilowatt-hours per metric ton of product. This furnace 
has been found very satisfactory for making the highest-class 
steel from pure raw materials. 

It is also used for melting ferromanganese l^efore adding to steel, 
as it is found that less is required if pre\dously melted. 
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In melting metal in induction furnaces, enough metal must 
always be left after pouring to complete the circuit. Cold metal 
can then be added to the metal left Ix^hind and melted. One great 
advantage of induction furnaces over arc furnaces is that in 
melting there are no appreciable power fluctuations. 

The power factor decreases as the charge is increased as pre- 
viously explained ; consequently, the larger the furnace the lower 
the power factor, for a given frequency. Large furnaces arc 
therefore run on a current of 5 cycles a second. On account 


«-/ 



Fio. 196. — Vkutical Section of the Kochlino-Hoden- 
HAUHEU Induction Fuunace 

of the absence of electrodes, and the fact that a transformer 
is an efficient machine, the electrical efficiency of induction furnaces 
is better than that of any other. 

The 3300-pound furnace at Gysinge is operated with 3000 volts 
on the primary of 295 turns, thus giving 10 volts in the secondary. 
The transformer is built with a grounded firotc'cting shell to avoid 
danger from this high voltage. The i)ower input of the furnace 
is controlled by regulating the field of the generator. The total 
efficiency in melting iron is from 50 to SO ix'rcent.^ 

The Frick induction furnace resembles the Kjellin furnace, 

* Engelhardt, Stahl und Eisen, Feb. HKlf), p. 205. 


478 THEORETICAL AND APPLIED ELECTROCHEMISTRY 


but the primary windings are both in the disk and the tube form 
for the purpose of improving the power factor.^ 

The KjeUin furnace is not adapted to working with dephos- 
phorizing and desulfurizing slags, as the annular ring is not a 
convenient shape and offers too small a surface to the attack of 
the slag.^ A combined induction and resistance furnace was 
therefore invented by Rodenhauser, known as the Rochling-Roden- 
hauser furnace.^ A plan and an elevation of this furnace are 



I 

Fia. 197. — Horizoi^tal Section of the Rochling- 
Rodenhauser Induction Furnace 

shown in Figures 196 and 197. HH arc the two legs of the iron 
transformer core, surrounded by the primary windings A A. 
Surrounding the legs of the transformer are the two closed circuits 
of melted metal, forming together a figure 8, in which currents are 
induced. BB are two extra primary coils, from which the current 
is conducted to the metallic plates EE. These arc covered by an 
electrically conducting refractory material, through which the 
current passes into the main hearth, D. The result is that the 

‘ Frick, J. Iron and Steel Inst., 1913, II, p. 297. 

* Kjellin, Tr. Am. Eleetroch. ^c. 16 , 175 (1909). 

>U. S. Pat. 877,739 (1908). 
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n^n hearth can be made with a much larger cross-section than the 
ring in the original Kjellin furnace, and a good power factor can be 
obtained in large furnaces without such a low periodicity as was 
necessary with the original induction furnaces. The magnitude 
of the current from the secondary coils is limited by the carrying 
capacity of the refractory material G, which would be destroyed if 
too heavily loaded. These pole plates have Ix^en given up in some 
places because they were more of a nuisance than a benefit.^ In 
refining, the furnace is worked as follows ; Fluid stc‘el from the 
converters is poured into the furnace, and burnt limestone and mill 
scale are added for forming a basic dephosphorizing slag. This 
is removed, after the reactions are ended, by tilting the furnace. 
For making rails the phosphorus is reduced sufficiently in one 
operation, but for the highest -c‘lass steel it has to be repeated. 

Slag is prevented from entering the narrow channels by placing 
magnesite brick across the ends of these channels, projecting into 
the steel a short distance. After removing [thosphorus, carbon 
is added in the pure state when carbon steel is to l)c made, and a 
reducing basic slag is formed to remove the sulfur. 

Rochling-Rodenhauser furnaces were formerly built for three- 
phase currents, but these were not successful and two-phase 
furnaces are built in their place.* 

Brass Melting, Ferroalloys, and Non-ferrous Metals 

Brass Melting. — None of the open-channel induction furnaces 
can be used to melt metals of high conductivity, such as copper, 
brass, or aluminum, because the large current required would 
produce the pinch effect and the constant breaking of the circuit 
would allow the metal to freeze. To melt these metals the furnace 
has to be designed so that metal is under a high hydrostatic pres- 
sure at the place where the pinch effect tends to occur. The pinch 
effect is then of benefit in producing the necessary circulation. 
The Hering * furnace was the first furnace built on this principle. 

Referring to Figure 198, it is seen that the current passes through 
two channels connected with the metal bath above. The pinch 
effect causes the metal to rise in the center of these columns, and 
to descend on the outside. In melting manganese bronze the 
power consumption is about 400 kw.-hr./ton. The great dis- 
advantage of this furnace is the large amount of cooling water 

^ Styri, Tr. Am. Electroch. 32 , 13r’ (1017) 

*Met. Chem. Eng. 9 , 277 (1911); Hering, Tr. Am. Electroeh. Soc. 19 , 
256 (1911) ; Gillett, The Foundiy, 48 , 486 (1920). 
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Fio. 198 . — The Herino Induction Furnace 


required to keep the copper electrodes solid, causing large loss in 
heat. There is also a large loss in the transformer. 

In the Ajax-Wyatt furnace ^ shown in Figure 199, there are no 
electrodes. It consists of a cylindrical chamber, in the bottom of 
which open the two legs of the V-shaped resistor, or secondary, 

1 Northrup, J. Franklin Inst. 190 , 817 (1920) ; Hering, Tr. Am. Electroch. 
Soc, 39 , 313 (1921); Gillett, The Foundry, 48 , 486 (1920). 
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loop. The transformer core is the threo-leggecl 
type, with the primary wound on the central lep;. 

The transformer is inclosed in a casing and cooled 
by a blast of air from a small blower. 

The standard-size furnace takes 60 kilowatts, 
and pours 60 pounds of metal ix‘r heat. The 
voltage is 220 single-phase, and at 60 cycles the 
power factor is 0.81 ; for a ;i0-kw. furnace, it is 
0.87. 

The resistant loop is originally formed by ram- 
ming in the lining of high-tein|X'rature asbestos 
cement about a brass ciisting, which is left in. 

After slow and careful air drying, the hearth is 
heated by a gas torch, melted zinc is poured in, 
and power at a low voltage is applied. When \ h(‘ 
brass casting has alloyed with the zinc and melted, 
brass scrap and copper are added to bring tlu' — The 

contents to proper composition. When the fur- ajax-Wyatt 1n- 
nace is shut down, all metal must be drained Flr- 

from the resistor, since if allowed to freeze in it, 
the lining would be cracked. In starting after a shutdown, the 
furnace is heated by a gas 6amc and melt(‘(l zinc injured into the 
resistor. In the 600-pound size the lining will last the pouring of 
400 to 600 tons of brass. In the OOO-pound furnace the power 
consumption is about 175 kw.-hr. |X‘r ton of yellow brass under best 
conditions, corresponding to 200-220 kw.-hr. on average operation. 

One of the disadvantages of this furnace is its lack in versatility, 
for a metal of higher conductivity, such as copi)er, would require a 
different cross-section in the resistor, and the power factor would 
not be so good. Also the lining do(‘s not stand up well with alloys 
high in lead. 

In 1920 the cost of a 60-kw. furnace was $6500. 

Northrup's high-frequency furnace, the principle of which is 
described above, is made in several different forms. They have 
between 20 and 40 percent electrothermal efficiency, depending on 
the size. A 60-kw. furnace with a 600-ix)und charge of any non- 
ferrous metal melting below 1200° (b is the largest high-frequency 
furnace so far constructed. ‘ 

The Weed induction furnace, shown in Figure 200,* is a recent 
furnace for melting non-ferrous metals. The figure shows the 
^ Tr. Am. Electrorh. Soc. 39, 331 ( 1921 ). 

^Tr. Am. Electroch. Soc. 47, 233 ( 1922 ). 
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Flo. 200. — Sections of the Weed Induction Furnace 


construction. The current flows around the secondary ring (2) 
without entering the melting chamber. The flow of metal is 
uni-directional, and is caused by the repulsion between the primary 
and secondary. 

Ferroalloys.^ — By ferroalloy is meant any alloy of iron rich 
enough in one or more other elements to be used for introducing 
these elements into the manufacture of iron and steel. These 
alloys are in general made from stool turnings mixed with ore con- 
taining the other metal and carbon for reducing the ore. This 
mixture is heated in an arc furnace similar to those now used for 
the manufacture of calcium carbide, consisting of a boiler-plate 
shell lined with carbon or magnesite. The walls are usually so 
far from the electrodes that the reaction zone does not extend to 
their surface. In this case furnaces usually last two years before 
requiring repairs. 

Some ferroalloys are produced in the blast furnace, but their 
number is limited because the temperature is too low for reducing 
some oxides or for melting aUoys of high melting point. Also it 
is difficult to produce alloys containing a high percentage of the 
special metal, and it is impossible to produce a metal low in carbon. 

^ Anderson, Tr. Am. Electroch. Soc. 37, 265 (1920). 
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Consequently up to 1899, when electric furnaces were first used for 
ferroalloys, their manufacture was confined chiefly to 70 to 80 
percent ferromanganese, 10 to 12 percent ferrosilicon, and 30 to 
40 percent ferrochromium.^ 

Ferroalloys can have the carbon removed by treating with an 
oxidizing slag, as in removing carbon from steel. 

’ Ferromanganese is now made in electric furnaces, though at 
first the high temperature caused such large volatilization losses 
that this method was for a while given up. The furnace shells 
are made of about i-inch boiler plate, mounted on steel rails placed 
on concrete foundations for allowing air cooling on the bottom ns 
well as on the sides.^ The .shell is lined with firebrick faced with 
silica brick to a thickness of 18 to 24 inches and in.side this is a 
lining of tar and coke extending over the bottom and sides to a 
little above the slag line. These linings hist from 1^ to 2 years. 
Furnaces are sometimes cooled by spraying the shells with water. 
An iron or concrete platform is built on the level of the upper edge 
of the furnace from which the furnace is charged. The inside 
dimensions of a three-phase, 25-cycle, 1500 kilovolt-ampere furnace 
are : 5 feet wide, 5 feet deep, and 12 feet long.^ There is usually 
one tap-hole, but occasionally three or four. 

The ferromanganese furnaces of the Anaconda Copper Company 
at Great Falls, Montana, consist of shallow brick shafts 28 by 
14 by 9 feet in outside dimensions. The outer walls are red brick 
lined with firebrick. Inside this is a lining of dead burnt magne- 
site with pitch as binder 3 feet thick at the bottom, while the 
thickness of this lining at the walls gradually diminishes to nothing 
18 inches above the tap-hole level. Cooling pipes are provided 
at the bottom with air circulation. The inside dimensions are 22 
feet by 9 feet by 6 feet. These furnaces are operated on 60-cycle 
three-phase current. Two 24-inch (60 cm.) round, amorphous 
carbon electrodes are used in a common holder on each phase. 
The average input is 3600 kilowatts."* 

The charge of ore, limestone, carbon, and steel turnings consists 
of pieces that can pa.ss through a 2-inch ring. There is an excess 
of 10 percent carbon for reducing silica and for loss. Coke or 
anthracite is generally used. The lx*st operating temperature is 
said to be 1500° C. The loss of manganese by volatilization is 

1 Bureau of Mines Bull. 77, p. 103 (1916). 

* Darrnh, Iron Age, 105, 1019 (1920). 

*See also Gosrow, Chem. Met. Eng. 21, 235 (1919). 

* Bardwell, Tr. Am. Electroch. Soe. 38, .333 (1920). 
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under 4 percent, and the slag contains 15 to 20 percent manganese. 
This is stored and from time to time is reduced with carbon in a 
special furnace giving an alloy containing 25 percent manganese 
and 50 f)crccnt silicon. 

The yield of 80 percent ferromanganese is about 5 to 8 kg./kw.- 
day.^ 

Fcrrosilicon is made both by the reduction of silica and iron ore 
with carbon, and with silica, carbon, and steel turnings well mixed. 
The silica consists of large lumps of ganister or quartzite. The 
reduction tom[X'raturc of silica by carbon is 1460° C. but this 
is lowered to 1200° by the presence of metallic iron.^ Ferro- 
silicon is made in various grad(‘s containing from 13 percent 
silicon up to silicon 95 fX'rcent pure. The yield for 50 percent 
fcrrosilicon, using steel turnings, is 4 to 5 kg. per kw.-day. 
This is the grade usually made i)ecauso lower grades sell at a dis- 
count and higher grades evolve objectionable gases.*' Ferro- 
silicon containing Ix'tween 30 and 65 fX'rcent silicon has a tendency 
to disintegrate. The consumption of amori)hous-carbon electrodes 
is about 4 ix'rcent of the weight of the product. 

Since pure raw materials are used in the manufacture of ferro- 
silicon, little slag is formed ; it consists of silicates of aluminum 
and calcium or magnesium. As the p(‘rcentage of silicon in the 
alloy increases, its spcaafic gravity decreases and it is difficult to 
obtain separation of metal and slag if the slag is sticky. These 
slags boil up around th(‘ electrodes and are removed there, as they 
arc too viscous for tapping.'* 

A 25 percent fcrrosilicon containing Ix'tween 5 and 10 percent 
of aluminum can Ix^ made from garnet, an aluminum iron silicate, 
by reduction with carbon.'* .\11 of the iron is reduced, but only 
about half of the silica. 

Ferrochromium is made by reducing chromite.® The reaction is 
FeO . CraOs 4- 4 C = Fe • 2 Cr + 4 TO. 

When pure materials are used, no lime is added. Anthracite is 
the best form of carbon for this reaction as it can be more finely 

* Gibson, Tr. Am. Electroch. Soc. 37, 200 (1920); Gosrow, Chem. Met 
Eng. 21, 479 (1919), gives 8.4 kg. /kw.-day. 

•Greenwoo<l, Electroch. Met. Ind. 7, 119 (1909). 

* Darroh, Iron Age, 106, 1170 (1920). See also Bureau of Mines Bull. 
77, p. 17:i (1910). 

‘ Raven, Tr. Am. Ele< troch. Soc. 87, 3-29 (1920). 

* Davenport and Thomjxson, Met. Chem. Eng. 22, 596 (1920). 

* Bureau of Mines Bull. 77, p. 131 (1916). 
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pulverized and therefore more intimately mixed with the on\ 
The slag and alloy are tapped from the same hole. The stand- 
ard grade of alloy contains 6 to 8 percent carbon and 00 to 70 
percent chromium. The carbon content can be reduced to 0.5 
percent by heating in an arc furnace witli a slag of chromite, 
lime, and fluor spar. The time required depends on the amount of 
carbon to be removed. The iron content of the alloy increas('8 
during the refining, .showing that iron oxide is reduced in refining, 
but not chromium oxide. 

The proce.ss for producing ferrovanadium diffcTs from that used 
in the majority of ferroalloys in that 90 |X'rcent- silicon is used 
as the reducing agent. This is for the ])urpose of kc'cping the car- 
bon content low. 

The Electrothermic Metallurgy of Zinc.^ — In t he ordinary retort 
method of zinc smelting, the ores are calcined to remove carbon 
dioxide or sulfur. Sulfur must Im' nuluced to less than one percent, 
which requires a high tem|X'rature and a long time. The roasted 
ore is mixed with 50 [XTcent of fine coke or antliracite and is charged 
into horizontal fire-clay retorts, which in this country are 8 inches 
in internal diameter and 8 feet long, holding 50 to 60 pounds of 
ore. These arc heated externally by coal or gas to 12(K)° C". or 
more. At this temperature the zinc is reduccul and volatilized, 
and is condensed in a conical fire-clay condcaiser at one end of the 
retort. Twenty-four hours are re(]uired for a distillation, and the 
most modern regenerative furnac(‘s have a tlxTinal efficiency of 
only about 12 {XTcent. Other disadvantages an' that the retorts 
last only 30 to 60 days, and the zinc loss is 10 {xarent or more. 

For these reasons many attempts htive Immui made to smelt 
zinc in electric furnaces, whi(‘h can be ma<le in large units and in 
which high temperatures can easily be obtained. 

The reason for the slow progre.ss in electrotluTinic zinc smelting 
is the difficulty of condensing zinc vapor to li(piid zinc, when 
the zinc vapor is diluted with gas. In place of liquid zinc “ blue 
powder ’’ is formed to a large extent, which has to lx* redistilled. 
There is no trouble in condensing pure zinc vapor. When, how- 
ever, zinc vapor is diluted with an equal amount of carbon mon- 
oxide, it will not l)egin to condense until the vapor pressure of 
melted zinc is less than half an atmos])h<*re, which means that the 
melted zinc must Ix^ at a lower temp<‘rature than would be neces- 
sary for pure zinc vapor, and the mon* zinc is removed the lower 

’ This discussion is taken largely from Burf*au of Mines Bull. No. 208, 
The Electrothermic Metallurgy of Zinc, by M. O’Harra (1923). 
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the temperature must be. Thus the range of temperature for con- 
densation to the liquid is much narrower than for pure zinc vapor, 
and requires more careful control. If the vapor is cooled too 
quickly, it condenses to a solid form corresponding to snow. This 
is physical blue powder. Chemical blue powder is produced by a 
film of sulfide, oxide, or some impurity on the condensed zinc drop- 
lets which prevents them from coalescing into one mass. These 
films may be produced by the oxidizing effect of carbon dioxide 
or by volatilized iron or silicon. By preheating the charge it is 
possible to reduce the amounts of water vapor and carbon dioxide 
given off the charge when heated in the electric furnace, and thus 
reduce the formation of blue powder. Taking these precautions 
several investigators have succeeded in getting good yields of liquid 
zinc in large-scale runs extending over several weeks. The Scan- 
dinavian metallurgists, however, have given up trying to produce 
zinc in one operation, but run the furnaces at a temperature that 
volatilizes all zinc, and lead, which is collected as blue powder. 
This is then remelted with a rubbing action to produce liquid metal. 
The first attempt to reduce zinc electrothernmlly was that of E. H. 
and A. H. Cowles in 1885. Their furnace was a horizontal cylin- 
drical retort of non-conducting material well heat-insulated. A 
carbon plate at one end formed the positive electrode, and the 
outer end was closed by a carbon crucible which acted as the 
negative electrode and as a condenser for the zinc. The roasted 
ore mixed with carbon was sufficiently conducting to carry the 
current. This furnace was not developed further for zinc smelting 
but was used for reducing aluminum in the presence of copper. 

In 1892 C. G. P. de Laval began work on electric zinc smelting 
and later took out patents on a furnace for this purpose. The 
pulverized roasted ore mixed with carl)on, or raw sulfide ore mixed 
with iron, is charged through an opening at one end of a rectangu- 
lar furnace heated by radiation from an arc formed between two 
electrodes above the charge. The zinc passes out to a condenser 
ind the residue is tapped. Production with this furnace began 
in 1903-4 at Trollhattan, Sweden, and Sparsborg, Norway, with raw 
material consisting of drosses and scrap zinc ; results as to con- 
lensation and recovering from ore were very poor. Later the 
•adiating arc was replaced by a buried arc of 350 hp. at 100 volts, 
DUt a full description of this furnace has not been published. The 
X)wer required by the new type funiace for smelting ore was 
J078 kw.-hr. per ton of ore (10.5 kg./kw.-day), including the 
)owor for resmelting the blue powder but not that for refining 
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crude zinc. With the old type the power required was 70 percent 
more. 

In 1913, thirteen 1000-hp. furnaces and eight 500-hp. had been 
built at Trollhattan. Successful ore-smelting furnaces with a 
capacity of 12,000 kg. of ore per 24 hours have been built. 

In this country important experiments have been carried out 
by ‘W. McA. Johnson. His final type is shown in Figure 201. 


Fio. 201. — The Johnson Continuoub Zinc Furnace (U. S, Pat. Reissui 
13,208): 1, Furnace, 3, Elkctrodkh; 4, Slau Tap, 5. Elkctrodb ; 
7, Hopper; 0, Tap-hole; 12, Pahsaoe to (’ondenseh; 13, Com; 
21, CoNDENtJHR 



Metal and matte were removed through the tap-hole 9 and slag 
through 4. The electrically heated column of coke 13, for the 
purpose of reducing carbon dioxide to monoxide, was later found 
unnecessary. 

The average energy consumption for a charge of mixed ore and 
slimes was 1490 kw.-hr. per 2000 ll>. (14.6 kg./kw.-day). The 
theoretical energy consumption with efficient pre-reduction is per 
2000 lb. : 

(Zn 29 percent) calcineil zinc ore 2r)4 kw.-hr. 

(Zn 44 percent) calcined zinc ore kw.-hr. 

(Zn 70 percent) calcined zme ore 900 kw.-hr. 

The electrode consumption was 6.05 lb. per 2000 lb. of ore treated. 

Extensive experiments were carried out in 1908 at Nelson, 
British Columbia, for the Canada Zinc C’ompany by F. T. Snyder, 
in a 10-ton plant in a shaft furnace. This plant operated for about 
a year, when it was shut down on account of mechanical troubles 
with furnace construction, operation, and electrode breakage. 
Another furnace to take 1500 kw. was designed to overcome these 
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difficulties and was tested at Chicago. It had a capacity of 35 
tons of ore a day ; the power consumption was 900 kw.-hr. per ton 
of ore (24.1 kg./kw.-day). Though this furnace was said to be 
successful, after a short run it was put to other uses. 

A process differing radically from those mentioned so far was 
proposed in 1914 by C. II. Fulton, and tested at East St. Louis from 
19 IG to 1918. The ore is mixed with an excess of fine coke and 
sufficient hot tar or pitch to act as a binder. A typical mixture 
would be 100 parts ore, 60 parts coke, and 18 to 20 parts pitch ; 
this mixture is then formed into briquettes at a pressure of 500 to 
1000 Ib./sq. in. which are baked at 450° to 500° C. to drive off 
volatile hydrocarbons, leaving porous briquettes. These bri- 
quettes were heated in an electric furnace in wliich they formed the 
resistor. They were cylindrical, 9^ inches in diameter and 21 inches 
long, and contained 50 pounds of ore. The three-phase furnaces 
contained 36 briquettes in 12 columns of three each, placed in two 
concentric circles with four connected to each phase in the Y-con- 
nection. These briquettes retain their sha|x^ during the distilla- 
tion ; the residue is prevented from forming a slag and is in an 
ideal condition for blast-furnace treatment to recover lead, copper, 
and precious metals. Experiments with this process were favor- 
able and were stop|)ed on account of the war. 

Tin, Nickel, and Copper. — Experiments have l)een made in 
England on the electrothermic reduction of tin,^ but it is probably 
not in use at present. The smelting of copix'r and nickel, however, 
seems to be carriial out to a limited extent. There are apparently 
no difficulties in treating nickel and copper in the electric furnace. 
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CHAPTER XX 


• THE FIXATION OF ATMOSPHERIC NITROGEN 

Introduction. — Nitrogen, though cheniically an inert element, 
is of great importance to plant and animal life. It forms 80 per- 
cent by volume of the atmosphere, hut changing atmospheric nitro- 
gen to a combined state for use in fertilization or in the chemical 
industries was not begun until 1905. This was a problem of the 
greatest importance, as the nitrogen n'lnoved from the' soil by 
crops must be replaced ('ither by adding it in th(‘ form of some 
nitrogen compound or by raising a crop, such as clover, that 
assimilates the nitrogen of the air by means of a ce'rtain kind of 
bacteroid existing on the root of the plant, ('onseejuently, Chili 
saltpeter is used in large quantities for fertilization, but as this 
supply cannot last indefinitely, ‘ the discovery of .some other moans 
of supplying the demand became imjX'rative’. 

At present there are three difT(rent methods in operation of 
combining atmospheric nitrogen. The first method consists in 
heating calcium carbide in pure dry nitrogen to Ix'twecn 700° and 
800° C., whereby nitrogen is ai)sorbed, forming calcium cyanamide, 
according to the reversible reaction : 

CaC2 + aCNo + C. 

The second method consists in oxidizing nitrogen to nitric oxide 
in the high-tension arc and absorbing the oxide in water or in an 
alkaline solution, and the third aiul most re(;ent method is the 
direct synthesis of ammonia from its ehaiamts. There are also a 
number of methods that are still in the experimental stage.* 
The two most important of these are the Serpek process using the 
reaction : 

AI2O3 -f N2 + 3 C = 2 AIN + 3 CO, 


* According to Partington and Parker, 7'hr Nitrogen Industry, p. 74 (1923), 
the Chili deposita are wiequatc for meeting all deinanrh for a century or more. 

* Norton, Special Agenta Series No, 52, Bureau of Manufactures, Utilization 
of Atmospheric Nitrogen (1912). 
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and the Bucher process which makes cyanide according to the 
reaction : 

NajCOa + 5 C + N 2 = 2 NaCN -f 3 CO. 

Absorption by Calcium Carbide. ~ According to Moissan, pure 
carbide is unaffected by nitrogen at 1200° C.^ The discovery that 
nitrogen is absorbed by commercial calcium carbide and barium 
carbide was patented in 1895 by Adolph Frank and N. Caro.* In 
the case of barium carbide 30 jxjrcent forms cyanide in place of 
cyanamide,* while in the case of calcium only a trace of cyanide 
is formed. 

Since 1895 this reaction has l)een the subject of a number of 
investigations. With regard to the temperature required, it 
has been shown that finely powdered carbide must be heated 
to from 1000° to 1100° C. to bring about complete transforma- 
tion to cyanide. At 800° to 900° some nitrogen is absorbed, but 
the reaction ceases before all the carbide is used up.** By the 
addition of other calcium salts, such as calcium chloride, or, to 
a less extent, calcium fluoride, complete nitrification can be pro- 
duced at 700° to 800° C.® That the commercial carbide can be 
completely nitrified at 1100° is due to the presence of calcium 
oxide.® Commercial calcium carbide containing 75 to 80 percent 
carbide can be made to take up 85 to 90 percent of the theoretical 
amount of nitrogen, forming a black mass of calcium cyanamide, 
lime, and carbon containing 20 to 23.5 iwrccnt of nitrogen. Pure 
calcium cyanamide contains 35 percent nitrogen. The reaction 
by which it is made is accompanied by a large evolution of heat, 
which of course is advantageous in its manufacture. According 
to Caro, this heat is sufficient to cause the reaction to proceed of 
itself when once started.’ 

The system consisting of calcium carbide, calcium cyanamide, 
carbon, and nitrogen would be monovariant if the reaction were 
that given above, that is, there should be a definite pressure of 

» C. r. U8, 601 (1894). 

* Frank, Z. f. angew. Ch. 19 , 835 (1906). According to Partington and 
Parker, the German chemist, F. Rothe ia the discoverer of this process. — 
The Nitrogen Industry, p. 190 (1923). 

* Erlwein, Z. f. angew. Oh., p. .633 (1903). 

* Foerster and Jacoby, Z. f. Elcktroch. 16 , 820 (1909). 

* PoI«eniu«, Chem. Ztg. 81 , 9.6S (1907); Bredig, Z. f. Elektroch. 13 , 69 
(1907). 

* Foerstor and Jacobv, Z. f. Elektroch. 13, 101 (1907). 

» N. Caro, Z. f. angew. Ch. 93 , 1178 (1909). 
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nitrogen in equilibrium with the solid phases at a given tempera- 
ture. It is found, however, that the nitrogen pressure is dependent 
on the quantity of nitrogen absorbed as well as on the temperature. 
This indicates the presence of a solid solution.^ 

Furthermore it is probable that the reaction is not as simple 
as that given in the equation, but it may take place in two* stages 
represented by the equations : * 

CaCi = CaC -f C, 

CaC + N 2 = (’aC^N,. 

The velocity of absorption of nitrogen is proportional to the 
pressure, other conditions being constant.^ 

Calcium cyanamide acts in some cases as the calcium salt of 
cyanamide ; Ca = N - C = N, and in others as the calcium 
salt of the diimidc : 



With superheated steam the nitrogen is changed to ammonia 
according to the reaction 

CaCNj + 3 H 2 O = CiiCOz + 2 NH, 

with a yield 99 ix'rcont.'* Dicyandiainidc, a c()m|K)und containing 
66 i)ercent nitrogen, can be made by treating calcium cyanamide 
with water. It has the apix'arance of ammonium chloride, and 
is probably formed by the following reaction : 

2 CaCNj -f 4 H 2 O = 2 Ca(OH ).2 + ((^NNH 2 ) 2 .' 

Calcium cyanide can be made from technical calcium cyanamide 
by melting with a suitable flux, such as sodium chloride, according 
to the following reversible reaction : 

CaCN 2 + C:iltCa(CN) 2 . 

According to Landis ® the manufacture of cyanide by this 

* Le Blanc and Eschraann, Z. Elektroch. 17, 20 (191 1). See also Thompson 
and Lombard, Met. Chem. Eng. 8, 617 (1910). 

•Erlwein, Warth, and Beutner, Z. Elektroch. 17, 177 (1911). 

* Bredig, Fraenkel, and Wilke, Z. Elektroch. 13, 612 (1907). 

< Erlwein, Z. f. Elektroch. 12, 551 (1906), 

‘ Z. f. angew. Ch., p. 520 (1903). 

* Tr. Am. Electroch. Soc. 87, 653 (1920). See also Freeman, Can. Chemiit 
and Met. 6, 129 (1922). 
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reaction was not a success abroad, but the American Cyanamid 
Company started a plant for this purpose in 1916 which has pro- 
duced large quantities of cyanide for leaching ores. In carrying 
out this transformation some nitrogen is lost as free nitrogen and 
causes foaming in the fused mixture of cyanide and chloride, but 
the presence of a small amount of calcium carbide is said to stop 
it entirely. The mixture used at first contained two parts of salt 
to one of lime-nitrogen, but the salt was gradually diminished until 
there was less salt than lime-nitrogen in the mixture. Two grades 
are made, containing respectively 36 and 45 percent equivalent 
sodium cyanide, with over 90 percent nitrogen efficiency. Cal- 
cium cyanide is probably formed. 

The fused mixture must he cooled quickly, otherwise the cyanide 
reverts to the cyanamide. A continuous arc furnace is used, in 
which the mixture is rapidly fused and drawn off. 

The carbide used for making calcium cyanamide is ground in 
an atmosphere of nitrogen until it will pass a screen of 100 
meshes to an inch and is placed in a pasteboard container in a 
cylindrical iron drum holding from 0.5 to 2.5 tons of carbide. 
A smaller pasteboard tube is placed along the axis of the cylinder 
lor protecting the small carbon rod which carries the heating 
current. This rod passes out of the iron top through a tight, 
insulated joint. The lower end of the rod makes electrical contact 
at the conducting bottom of the furnace. 

At Muscle Shoals the ovens are 4 ft. 4 in. outside diameter by 
2 ft. 2 in. inside diameter by 5 ft. 4 in. deep, and consist of a steel 
shell with a 9-inch lining of firebrick. The cylindrical pasteboard 
or paper container is 2 ft. 0 in. in diameter, while the smaller tube 
is 3 in. in diameter. The charge consists of 1600 lb. of pulverized 
carbide. The carbon electrode is | in. in diameter and 6 ft. 6 in. 
long. 

After filling the furnaces with nitrogen, a current of 200 to 250 
amp. at 100 volts is applied for 20 minutes, and is then reduced to 
50 volts and 100 to 150 amp. for 12 hours. The current is 
then shut off and the reaction is allowed to continue for 28 hours 
longer. The temperature attained is about 2000° F. About 
three times the theoretical amount of nitrogen is used, made by the 
Claude process of fractionating liquid air. 

On nitrifying, the carbide changes to a hard block, which is easily 
removed on account of the pasteboard containers, which do not 
char until after the hardening of the charge. 

The following is a typical analysis of the lime nitrogen : 
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Percent 


Percent 

CaCN, .... 

63 

SiO, 

... 3 

CaC, .... 

2 

MgO 

... 2 

CaO .... 

13 

FejOj and AI 2 O 1 . . 

... 2 

CaS 

1 

Miscellaneous . . . 

... 3 

C 

11 




The product is allowed to cool, is ground to powder, is treated 
with water to decompose the carbide, and then with oil to make 
it dustless.^ 

According to a two weeks’ test at the U. S. Nitrate Plant No. 2 
at Muscle Shoals,^ 1 kw.-hr. prodiu^ed 3.27 kg. of calcium cyana- 
mide, including the production of the carbide' reepiired. The cost 
per 2000 lb. of lime-nitrogen with the plant oj^'rating at full capacity 
was estimated at $44. This leaves out inb'rest on the investment, 
depreciation, taxes, and insurance. Of this $14, $12.4, or 35.5 
percent, is for power at the rate of $0.0074 jx'r kw.-hr. 

In Germany the carbide is placed in she(;t-iron containers and 
run into airtight ovens heated on the outside by gas. Nitrogen is 
passed through the ovens. In Hweden a continuous process is 
used, in which a mixture of carbide, (|Uicklime, and calcium fluoride 
is raked mechanically over sh(‘lves in a vertical furnace in which it 
is heated l)y a row of eh'ciric arcs.'** 

Besid('s lime and carbon, there are impurities in technical 
cyanamidc, consi.sting of nitrogen compounds, such as urea, 
guanidine, and calcium carbamate. In fresh sarnj)Ie8 these im- 
purities are small in quantity, but increase on standing or by the 
presence of water vapor. All of these substances are easily 
assimilated by plants. 

The manufacture of calcium cyanarnide was Ix'gun at Piano 
d’Orta, Italy, in 1905, and by tlu' American Gvanamid Company 
at Niagara Falls in Canada in 1909. The capacity of this plant 
since the outbreak of the war is ()4,(K)0 tons of lime-nitrogen pt'r 
year. 

The Oxidation of Nitrogen. — Priestk'v * was the first t() observe 
that electric sparks in air produced an acid, though he mistook it 
for carbonic acid. Later Cavendish ’ repc'ated the experiments 

1 Landis, Met. Chem..Eng. 13 , 210 (1915); Fairloe, Chem. Met. Eng. 30 , 
8 (1919). 

*Chcra. Met. Eng. 21 , 06(1919). 

• Partington and Parker, The Nilrogep Imlmtry, p. 190 (1923). 

* Experiments and Observations on Different Kinds of Air, 4 , 28(k Preface 
dated 1779. Also Ostwald, Klrktrochenne, p. 11. 

‘ Phil. Trans. 76 , 372-.'184 (1797). Also Alembic Club Keprinta, No. 3, p. .39. 
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and showed the true nature of the acid produced, which is now 
known to be a mixture of nitrous and nitric acids. From the time 
of Cavendish until within the last twenty years nothing of im- 
portance was done toward explaining this phenomenon. Since 
1890, however, it has received considerable attention, so that now, 
principally due to the work of Nernst and Haber, the conditions 
under which the reaction N 2 4- O 2 2 NO takes place are well 
known. 

Nernst and his assistants have measured the thermal equilib- 
rium concentrations of nitrogen, oxygen, and nitric oxide at 
different temperatures with the results in Table 55.* 

Table 65. Percent by Volume op Nitric Oxide in the Equilibrium 
Mixture Formed from Air 


DsiaREiis Absolute 

Percent NO 

Observer 

1811 

Observed 

0.37 

Computed 

0.35 

Nernst 

1877 

0.42 

0.43 

Jellinek 

2023 

0.52 to 0.80 

0.64 

Jellinek 

2033 

0.64 

0.67 

Nernst 

2196 

0.97 

0.98 

Nernst 

2680 

2.05 

2.02 

Nernst-Finckh 

2675 

2.23 

2.3.5 

Nernst-Finckh 


The values in the third column were computed by the van’t 
Hoff equation, with Berthelot's value of — 21,600 calories for 
the heat of the reaction. These experiments show that at the 
temperatures given the velocity of decomposition is so low that 
the gas can be cooled without decomposition of the nitric oxide 
already formed. 

The free energy of the reaction is given by the equation * 

AF = Q- RT\oe ■ : + 2.45 T, 

Pii, • Po! 

in which Q = - 21,600 calories per mol of NO. By means of 
this equation the percent of nitric oxide correspon^ng to the 
equilibrium at any temperature can be computed by placing the 
right-hand side equal to zero, which is the equilibrium condition. 
The experiments of Finckh were carried out by exploding air 

* Z. f. anorg. Ch. 49 , 213 (1906). 

* Haber, Thermodynamics of Technical Gas Reactions, p. 105 (1908). 
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mixed with detonating gas ; the others by drawing air through 
platinum or iridium tubes heated electrically. The good agree- 
ment between the calculated and observed values shows that at 
least in these experiments the nitric oxide formed is due only to 
the high temperature, as the concentration is that required by 
thermodynamics. 

. This reaction is bimolecular liotwoen 650° C. and 1750° C.,* 
that is to say, it should be written N 2 + O 2 = 2 NO. Lo Blanc 
and Nttranen, however, have found that alwve 3000° C. the re- 
action is monomolecular.* Tables 56 and 57 fj;ive the velocities 
of the reaction in both directions at different tempcTatiires.' 


Table 56. Time in Minutes Necessaky to DEroMPosE Pure Nitric 
Oxide at ATMosPHEuif Pueshure, Half into Nitrooen and Oxygen 


Deoreee Absolute 

Time in Minutes 

Degrees Absolute 

Time in Minutes 

900 

7.35 W 

2100 

1.21 10-» 

1100 

,5.80 !()• 

2300 

8.40 10-* 

1300 

4.43 10» 

2.500 

5.76 10*< 

1.500 

3.30 

2700 

3.92 10-» 

1700 

2.47 10-1 

2900 

3..3.5 10-* 

1900 

1.74 I0-* 

3100 

2.25 10-^ 

Table 57. Time 

Kequirld to Produce from .\ih One Half the 
P osHiBLE Amount of Nitric Oxide 

Degree Absolute 

Time in Minutes 

Degrees Absolute 

Time in Minutes 

1500 

1.81 10* 

2500 

1.77 10-« 

1700 

5.90 10' 

2700 

8.75 10-> 

1900 

2.08 

2900 

5.75 10-» 

2100 

2300 

8.43 10-^ 

3.75 I0-» 

3100 

3.10 10-« 


From these results it would appear that the best yield of nitric 
oxide would be obtained by heating the gas to the highest tem- 
perature from which it could be chilled so suddenly that decom- 
position would not take place. It has been shown, however, that 
nitric oxide can be produced by the silent discharge of electricity 
where there is very little elevation of temperature.* This fact 

‘ Jellinek, Z. f. anorg. Ch. 49 , 229 (1906). 

»Z. f. Elektroch. 18, 303 (1907). 

•Warburg and Leithftuser, Ann. d. Phys. (4) 80, 743 (1906), and 88, 209 
(1907). 
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suggested to Haber and Koenig ‘ the possibility of obtaining better 
yields by using a comparatively cool arc, which could be realized 
by inclosing it in a tube surrounded by water. Below 3000° C. 
any oxide produced by the impact of electrons would not be de- 
composed rapidly by the heat even if the concentration due to the 
electrical effect were greater than that due to the thermal. In 
fact they found that by using a cooled arc and by reducing the 
pressure to the most favorable value of 100 millimeters, con- 
centrations of nitric oxide were obtained which could be explained 
thermally only on the assumption that the thermal equilibrium 
corresponding to over 4000° absolute had been obtained and that 
the gas had been chilled suddenly enough to preserve it. Such a 

Table 58. Concentrations of Nitric Oxide Obtained at 100 mm. 

Pressure by an Arc Inclosed in a Cooled 'Pubb 


Initial (Jas MixTcmK in 
PbKCENT UY VOLUMK 

ptOj.piNi 

NO Content , 
IN Pkhcen't 
DY Volume 

Thehmodynamicyi.ly Com- 
ittedTemi' Ahh. 

Oi 

N, 

1 Huber 

Nernst 

20.9 

79.1 

0.284 

9.8 

4365 

4334 

48.9 

51.1 

0.337 

14.4 ! 

4686 

4650 

44.4 

.5.5.6 

0.337 

14.3 

4686 

46.50 

75.0 

25.0 

0.3,57 

12.77 

4805 

4767 

81.7 

18.3 

0.397 

12.1 

.5012 

5000 


high temperature in their arc seemed iinpossihli' ; conseipiently 
the oxide must have bi'en produced directly by the impact of ions. 
Table 58 gives the concentrations of nitric oxide obtained with 
the temperature corresponding, on the improbable assumption 
that this concentration corresponds to a thermal and not to an 
electrical equilibrium. The temperatures were computed both 
by Haber's formula given above and by the van’t Hoff formula 
aa used by Nernst. 

In later experiment-s as high as 17.8 percent nitric oxide was 
obtained.* It was further found that the same concentration 
is obtained under similar conditions from either nitric oxide or 
from air and oxygen, showing that we have in this case an electrical 
equilibrium. If the temperature is too high, the electrical equilib- 
rium is obliterated by the thermal. On the other hand, the 

‘ Z. f. Elektrorh. 13, 72.') (1<X)7). 

* Z. f. Elektroch. 14, 689 (1908). 
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electrical energy necessary to produce ionization increases con- 
siderably when the temperature falls Ix'low white heat. There 
will therefore be a most favorable region of temi.)erature within 
which the nitric oxide produced by the impact of ioas will not lx‘ 
decomposed and when too much electrical ('lurgy is not required 
f 9 r ionization. It would, therefore, seem that the Ix'st way to 
try to obtain l)etter results is to (‘mj^loy a cool arc rather than by 
attempting to heat to a higher temix'rature and chill more suddenly. 

The energy efficiency was not dc'termiiu'd in tlies(' exi^rirnents. 
In later ones,* with a cooled arc, th(‘ (‘ffici('n(‘y, when the con- 
centration of the nitric acid obtained was 3.4 |)(a*c(‘nt, was f)7 grams 
of nitric acid ix'r kilowatt-hour, or r)(X) kilograms imt kilowatt- 
year of 365 X 24 horn's. With a cookal arc and a dinad current, 
Holweg and Koenig obtained nitric acid at a (*oncent ration of 2.5 
percent and an efficii'ncy corri'sponding to SO gnims of nitric acid 
per kilowatt-hour, th(‘ most favorabh' ('luugy (‘fficiiuicy reached. 
Increasing the pressure above atmospla^ric doi's not increase this 
efficiency.'* 

On cooling down, the colorless nitri(‘ oxide changes to the 
brown dioxide of nitrogen, since the n'versibh^ reaction 

N()+ j().>::iitN()2 

is displaced from left to right on cooling. 

Table 59 shows how the dissociation of nitrogen dioxide is 
affected by the tcmiix^ratun' : * 


Taulk nO 


Deoreea Centiokvdk 

PftmKT HK IN C^ntimktehh 

Ckmcent or N(Jt Dbcompobud 

1.30 

71.85 

5.0 

184 

7.5.46 

279 

7.3.72 

13.0 

494 

74 25 

56.5 

G20 

76.(KJ 

100.0 


It will be interesting to conqiute from a ])urely thermal stand- 
point the energy necessary to produce nitric acid and to compare 

» Z. f. Elektroch. 16, 795 (1910). 

3 Z. f. Elektroch. 16. SCKl (1910) 

* Haber and Holweg, Z. f. Elektroch 16, SIO (1910). 

* Nemflt, Theoretiache Chemu, S-10 c*d., p. 526. Sec also Bodenstein und 
Katayama, Z. f. Elektroch 16, 244 (1909). 
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this result with those actually found by different experimenters. 
Assuming the temperature of the high tension arc to be 4200® C., 
the calculation is as follows.* From the equation given above 
at this temperature 


Pno 

P^o, • pK, 


0.29, 


and if the original mixture is air, the final composition is : 


NO O 2 Na 

10 percent 16 percent 74 percent 

Ten mols of nitric oxide with air and water yield 630 grams of 
nitric acid. Therefore, in order to get this amount of acid, 100 
mols must be heated to 4200® C., besides which 10 X 21,600 
calories must be supplied for the reaction. Assuming the spe- 
cific heat of the permanent gases to be 6.8 -f 0.0006 calories per 
mol, the total energy will be : 


100(6.8 + 0.0006 X 4200)4200 + 216,000 = 4,130,000 calories. 

This corresponds to 4.71 kilowatt-hours for 630 grams of nitric 
acid, or 134 grams per kilowatt-hour. If the arc were 1000° 
lower, the result would be 93.5 grams per kilowatt-hour. . 

The results obtained with a cooled arc are not due to thermal 
equilibrium, and of course have no relation to this calculation. 
Whether nitric oxide produced in the spark or in the high-tension 
arc is due to the thermal or to the electrical effect is an open 
question. The concentrations of nitric oxide produced is not too 
high to be due to the thermal effect alone. Tliis concentration 
may, of course, be reached from a higher concentration of nitric 
oxide produced by the electrical effect, and then decomposed by 
the thermal effect. Even in this case the final concentration is 
due eventually to the thermal effect. 

Lord Rayleigh* obtained an al)sorption of 21 liters an hour 
with 0.8 kilowatt, using a mixture of 9 parts of air and 11 of oxygen. 
This corresponds to 46 grams of pure nitric acid per kilowatt-hour, 
assuming the gas was measured at 20® C. and at atmospheric 
pressure. McDougall and Howies * with an arrangement similar 
to that of Lord Rayleigh obtained 33.5 grams of nitric acid per 


‘ Haber, Thermodynamics of Technical Oas Reactions, p. 268. 

» Joum, Chem. Soc. 71, 181 (1897). 

• Memoirs and Proceedings of the Manchester Literar>' and Phil. Soc. (IV), 
44 , 1900, No. 13. 
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kilowatt-hour. McDougall and Howies were the first to make a 
small experimental plant for the production of nitric acid from the 
air.‘ It seems not to have got beyond the experimental stage, 
however. 

The first * attempt to carry out the oxidation of nitrogen on a 
commercial scale was that of the Atmospheric Products Company 



FlO. 20L'. •— VkRTK'AL SkcTION <iF TIIK ItKADI-KY-LoYKJOY 
Apparatus for Oxidizing Nitrogkn 


at Niagara Falls, using the patents of Bradley and Ia)vejoy . Their 
final apparatus is shown in Figures 202 and 2();i.’ This consisted 
in an iron eyUnder 5 feet high, 4 feet in diameter, in the center of 
which was a rotating shaft carrying a series of radial arms, the ends 
of which were tipped with platinum. Six rows of 23 inlet wires 
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projected through the cylinder and terminated in platinum hooks. 
As the radial arms rotated, their platinum tips passed the hooks 
on the inlet wires, coming within one millimeter of touching at the 
nearest point. An arc was formed which was drawn out from 4 
to 6 inches before going out. The arms were so arranged that the 
arcs between them and the inlet wires were formed successively 
rather than simultaneously. The central shaft made 500 rota- 
tions per minute, and formed 6900 sparks a second. Each inlet 
wire had in series with it an induction coil 12 inches long and 5 
inches in diameter, wound with very fine wire and immersed in 



/r 

FlO. 203. — IIORIZOISTTAL SECTION OF THE Br.ADLKY-LoVEJOY 
Ai'Raratuh for OxiniziNO Nitrogen 


oil. The self-induction of the coil caused the spark to be drawn 
out to a greater length than would be possible without induction. 
A direct-current generator was especially de.signed for this plant, 
giving 8000 volts and 0.75 am{)ere. Air pass<Hl in at the rate of 
11.3 cubic meters per second and came out of the cylinder con- 
taining 2.5 percent nitric oxide.* The yield is said to have been 
one pound of acid |X‘r 7 horse-power-hours, or 87 grams per kilo- 
watt-hour. The process wjis not successful, however, and the 
company was forced to give up the experiments in 1904. Though 
the yield compared favorably with the calculations given above, 
the apparatus was very complicated and subject to considerable 

* Haber, Z. f. Elektroch. 9, 381 (1903). 
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wear. The iron drum corroded rapidly in spite of the inside 
coating of asphalt paint. 

The first successful process for oxidizing nitrogen on a commercial 
scale is that of Birkeland and t^yde. A factory for carrying it 
out was started at Notodden, Norway, in May, 1905.^ The 
high voltage flame is formed lM‘tw(*en two electrodes consisting of 
w'ater-cooled copper tube's 1.5 centimeters in diam(‘ter with 0.8 
centimeter between the ends. An alternating current of 50 cycles 
per second is supplied to the electrode's at 50(K) volts. In e)rder to 
spread the flame over a large area an electromagnet is placed at 
right angles to the electrodes so that the terminals lie Ix'tween the 



poles of the magnet. The voltage is suflicie'iilly high to cause the 
flame to form of itself Ix'twec'ii the (‘loctrodes at their nearest 
points, whereupon tla^ magnetic fic'ld caus(*s the* ends of the flame 
to travel along the electrodes until tlu' current is reversed. A new 
flame is then started on the other side of th(* eh'ctrodes. When 
the furnace is running profx'rly a flame is formed at (‘ach reversal 
of the current every ^ of a second, though if tlie distance Ix'tween 
the electrodes is too short or the magnetic field too strong, several 
hundred flames may be .started during ()ne jx'Hod. The magnetic 
field is 4000 to 5000 lines per square cent imeter at t he center. The 
result of this combination is an electric disk flame, as showm in 
Figure 204. This is inclosed in a narrow iron furnace lined with 
firebrick, forming a chamlw from 5 to 15 centimeters wide, shown 

* Birkeland, Tr. Faraday Soc. 2, 98 (1906). 
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in Figure 205. Air passes in through the walls and leaves the 
furnace at a temperature of 1000° C., containing one percent of 
nitric oxide.^ From the furnace the gases pass through a steam 

boiler in which they 
are cooled to 200° 
C., and then through 
a cooling apparatus 
in which their tem- 
perature is reduced 
to 50° C. They then 
enter oxidation cham- 
Ix'rs with acid-proof 
lining, where the re- 
action NO + i O 2 = 
NO 2 is completed. 

The next step is to 
absorb the nitrogen 
dioxide. This is 
done in two sets of 
five stone towers 
whose inside dimen- 
Fia. 205. — Vertical Section or the Birkeland- sions are 2 X 2 X 10 

EvBEKuHNAOE 

four towers are filled with broken quartz over which water trick- 
les. The liquid from the fourth tower is raised by compressed 
air to the top of the third, that from the third to the top of the 
second, and so on until 30 percent nitric acid is formed at the 
bottom of the first tower. This is concentrated to 98 percent 
and put into aluminum containers. These towers recover 80 
percent of the nitric oxide; in order to get 15 |)ercent more the 
gas from the fourth tower passes through a fifth, where it is ab- 
sorbed by sodium hydrate. Some nitric acid is changed to calcium 
nitrate by passing through open towers filled with limestone. 
Some of this acid is used to decompose the nitrat/C-nitrite mixture 
from the fifth tow'er. The nitric oxide thereby evolved is sent 
into the absorbing system again. The yield is 62.5 grams of 
pure nitric acid per kilowatt-hour. 

In a 1600-kilowatt furnace at about 5000 volts the disk flame 
has a diameter of 2 meters and a thickness of 10 centimeters.* 

*Hagemann, Chem. Met. Eng. 34 , 531 (1921); 29 , 502 (1923). See also, 
Eyde, Electroch. Met. Ind. 7, ;K)6 (1909) ; Ix)f, Gen. El. Rev. 26, 136 (1923). 

• Birkeland, Electroch. Met. Ind. 7, 305 (1909). 
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Furnaces taking 4000 kilowatts arc now 
built.‘ The power cost is half the total 
expense of running this process. In Nor- 
way the total cost is 17S0 kr. (^476, ex- 
change at par) jx'r 10(X) kilograms of fixed 
nitrogen. These figures apply also to the 
two arc processes descril>e(l l)elow. 

The furnace of the Badische Anilin- und 
Sodafabrik of Ludwigshafen, Germany, 
was invented in 1905 by Schonherr and 
Hessberger.2 An alternating-current arc 
is very ejisily extinguished, especially if 
air is l)lown across it. The principle un- 
derlying this furnace is that an alternating- 
current arc loses its unstable character 
and becouK's as quiet as a candle if a cur- 
rent of air is pas.sed around it in a helical 
path. With this method of air circulation 
the arc may be included in a metallic tube 
without risk of its coming in contact with 
the sides of the tul)e. A cross-section of 
the apparatus is shown in Figure 206. It 
consists of a number of concentric vertical 
iron tul)es. The (*lectrod(‘ at the bottom 
is an iron rod adjustable within a water- 
cooled copi^er cylinder. I'he iron is slowiy 
eaten aw^ay, and is fed in at alx^ut the rate 
of one electrode in three months. The 
electrode 7j is for starting the arc by bring- 
ing it in contact with E. There is, of 
course, an induction coil in series with the 
arc to mak(* it steady and prevent the cur- 
rent from l)(‘ing too hirge on starting. 
When Z is drawn back, the arc is formed 
between E and the walls of the tube. 
The air th(*n drives it up along the tube 
until it reaches the other water-cooled end, 
Ky within which the arc terminates. (?i, 
Giy and Gi are |K‘ep-hole8 for ol)8erving the 

* Creighton, J. Franklin Inst. 187, 386 (1919). 

•Electroch. Met. Ind. 7, 245 (1909); Tr. 
Am. Electroch. Soe. 16, 131 (1909). 
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ends of the arc. In the 447-kilowatt furnaces at Kristians- 
sand, Norway, the arc is 5 meters long, and 7 meters in the 746- 
kilowatt furnaces. The circulation of the air is evident from 
the figure. 



Fio, 207, — Scuonherr-Hessberoer Furnaces at Kristianssand 


The capacity of this type of furnace is said to Ix' limited to 
1000 kilowatts. When the arc is extinguished, which frequently 
happens, it must be started by hand.^ 

The plant at KrLstianssand, the furnace r(X)m of which is shown 
in Figure 207, has l)een in operation since the autumn of 1907. 
Three-phase currents are used, and the furnaces are connected 

' Creighton, J. Franklin Inst. 187, 391 (1919). 
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in star. The power factor varies between 0.93 and 0.96. It is 
estimated that 3 percent of the power is used in the formation 
of nitric oxide, 40 percent is recovered in the form of hot water, 
17 percent is lost by radiation, 30 percent is ustnl in the steam 
boiler, and 10 percent is removed by water cooling after the gases 
have passed the steam boiler. 

• A third process for the fixation of atmospheric nitrogen, invented 
by H. and G. Pauling, is carried out near Innsbruck, Tyr^l hy the 
'‘Salpctersaure-Industrie-Gesellschaft.”! The arcs are produced 
between curved electrodes, as shown in Figure 208. The arc is 
lighted w'here the electrodes are nearest together, is blown upward 
by the hot air rising between the electrodes, and is broken every 


half period of the al- 
ternating current. 
Another arc is then 
formed, and so on. In 
Figure 208, c represents 
two thin adjustable 
blades for starting the 
arc. Air is blown in 
through the tube c. 
The electrodes are iron 
pip('s,^ waler-cooled 
and separated by about 
life is about 200 hours. 



4 centimeters at their nearest point. Their 
With a 400-kilowatt, furnace of 4(X)0 volts 


the length of the flame is about one meter. Tlu'se furnaces are 
built to absorb up to 1000 kilowatts at 0000 volts. Cooling is 
produced by pjussing cold air into the* up|XT part of the flame from 
the side. The concentration of the nitric oxide is about 1.5 per- 
cent. The furnaces used have two arcs in series. Six hundred 
cubic meters of air per hour pass through the furnace, excluding 
the cooling air. The yield is 00 grams of nitric acid p(*r kilo- 
watt-hour. At present there are 24 furnaces in operation at 
Innsbruck, having a capacity of 15,000 horse power. The prod- 
ucts arc nitric acid and sodium nitrite. This process was 
also used temporarily at Great Falls, South Carolina, by the 
Southern Electrochemical C’ompany. 

A number of other furnaces f(jr the oxidation of nitrogen have 


^Electroch. Mot. Ind. 7, 4.30 (1909). . 

2 Rossi has found that aluminum electrodes give Ixstter yields than iron, 
on account of the decomi>osing action of iron fixide on nitric oxide. Partington 
and Parker, The Nitrogen Industry, i». 2-39 (1923). 
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experimenting.^ The problems which had to be solved were: 
(1) the production of large quantities of very pure nitrogen and 
hydrogen, (2) extraction of ammonia from the mixture, (3) con- 
version of ammonia into other products, and (4) the design and 
construction of suitable apparatus. 

The nitrogen-hydrogen mixture is obtained by mixing water gas, 
CO.+ H 2 , with producer gjis, CO + xNs, and with steam, and 
passing this mixture over a catalyzer between 400° and 500° C. 
The reaction CO -f H 2 O = Ho + C'02 takes place and the carbon 
dioxide is dissolved in water under pressure. The residue of carbon 
monoxide is removed by an ammoniacal solution of copjx'r formate, 
the dioxide, by caustic soda. The composition of the mixture is 
then adjusted to exactly three volumes of hydrogen to one of 
nitrogen by adding pure nitrogen from licpiid air. This mixture 
is passed through the reaction chaml)er containing the catalyzer 
at about 500° (\ and 200 atmospher(‘8 pressure. Th(‘ ammonia 
produced is absorl^ed in water, or is licjuefied, and the mixture 
is circulated again through the reaction chamber, where it does 
not remain long enough to reach e(}uilibrium, as mor(‘ ammonia 
can be made in a given time by circulating the mixture more rap- 
idly. Usually the mixture leaving the reaction chamUT contains 5 
percent of ammonia. Part is oxidized to nitric acid and a part 
changed to ammonium sulfate, nitrate, and chloride. The Oppau 
plant cost S75,0(X),000 and had a yearly production of 300 tons 
of ammonia. The plant at Mercersburg is said to have a capacity 
of 900 tons. The cost of combined nitrogen In’ this process at 
pre-war prices is estimated at 0.70 mark fx*r kilogram. 

The catalyzers are principally reduced iron mix(‘d with various 
promoters, substances which increase the activity of ii catalyzer, 
such as oxides of alkali metals, and they are ver>' sensitive to im- 
purities. Other catalyzers are osmium, uranium carbide, tungsten, 
and molybdenum. Small amounts of carbon dioxide, oxygen, 
and moisture decrease thc'ir activities. 

The bombs in which the reaction takes place must W of carbon- 
free chrome steel, for hydrogen at high tenq)erature removes carbon 
from steel and weakens it. At Oppau the bombs were 12 m. long 
and 1.1 m. in external diameter. The walls were 12 cm. thick. 

By proper design of the apparatus, the heat evolved by the 
reaction can be made to offset the heat loss(»s. The supply of 
additional heat is said to be a serious proldcm. 

* Chem. Met. Eng. 24, 305 (1921) ; Tour, J. Ind. Eng. Ch. 12, 844 (1920), 
and scries of articles in Chem. Met, Eng. 26 (1922). 
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The government plant at Sheffield, Alabama, known as Nitrat 
Plant No. 1, is designed to work at 100 atmospheres and to removf 
the ammonia by liquefaction. This plant is not now in operation 
but a plant of the Atmospheric Nitrogen Company, at Syracuse 
is in operation, using 100 atmospheres pressure. 

The Claude process * employs the same reaction as the Habei 
process but the pressure at which the gases react is 1000 atmos= 
pheres, which gives 25 percent conversion, while the Haber process 
gives 6 percent. The temperature is about 500° C. and a catalyzer 
is required. It is said that a serious objection to this high pressure 
is the resulting short life of the apparatus. 

Other Nitrogen-Fixation Processes.— Besides the three methods 
of fixing atmospheric nitrogen described above, there are a number 
of others not yet fully developed. Among the most important of 
these are the Bucher and the Serpek processes. 

In the Serpek process aluminum nitride is made from bauxite 
according to the reaction : 

AI2O3 + 3 C + N2 = 2 AIN + 3 CO - 213,220 cal. 

According to Tucker and Read * this reaction takes place to a very 
slight extent Ix'low 1600° C., while the maximum amount of com- 
bined nitrogen is obtained iK'tween 18(X)° and 2000° C. Above 
2000° the nitride decomposes. Petroleum coke was used in these 
experiments. With lampblack FraenkeP found the reaction 
begins below 1400° and Ix'comes rapid above 1500° C. lie also 
found that the reaction is revemible, deix'iiding on the relative 
amounts of nitrogen and carbon monoxide. If the nitrogen is 
diluted with carbon monoxide, a higher temjx'rature is required to 
make the reaction go from left to right. 

The plant devised by Scr|X‘k for carrying out this reaction 
consists of two rotating, cylindrical kilns, j)laced Jis shown in 
Figure 209. Bauxite enters the upper kiln, where it is calcined. 
At m it is mixed with the necessary carbon and this mixture then 
passes to the lower kiln, where it is treated with nitrogen at a 
temperature between 1800° and 1900° C. Heating takes place in 
a detachable electric resistance furnace /, consisting of compressed 
carbon disks, which cross the furnace diametrically and are ar- 

» Chem. Met. Eng. 23, 22 and 395 (1920) ; 28, 498 (1923). 

•Richards, Tr. Am. Electroch. Soc. 23, 351 (1913); U. S. Pat. 996,032 
(1911). 

»Tr. Am. Electroch. Soc. 22, 57 (1913). 

« Z. f. Elektroch. 19, 362 (191.3) ; 22, 107 (1916). 
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Fig. 209. — Sectio.m of the Sekpek Aitauati h foh Fixing Nitrogen 


ranged in eight columns each 1.2 meters long, connected in series. 
A direct current of 10,000 ampere.s at 230 volts is used.‘ The 
treated material is discharged into an airtight receiver. Pro- 
ducer gas CO 4- ? N 2 ) enters the lower end of the lower kiln 
and is preheated by the descending charge. After passing through 
the furnace it is enriched by the reaction in carbon monoxide and 
in passing the upper part of the kiln pr(*h(‘ats the (h'seending charge. 
The gas then enters a vertical chamber c with baffle plates, where 
silica and other impurities are condcui.sed. On entr‘ring the lower 
end of the second kiln a the gas meets a bkist of air which bums 
it for heating the bauxite as it pjusses through the upjx^r tube. 

On treating aluminum nitride with dilute alkali solution, the 
following reaction takes place : 

AIN + 3 U 2 O = A1(0H)3 + Nils. 

The alumina produced is very pure and the financial success of the 
process depends on using this by-f)roduct for the manufacture of 
aluminum. 

The endothermic reaction alone ab.sorbs one kilowatt-day per 
2.7 kilograms of fixed nitrogen. In practice at least twice this 
energy would be required, so that one kilowatt^ay would not 
fix more than 1.3 kilograms of nitrogen. 

One advantage of this process is that impure nitrogen can be 
used. 


^Creighton, J. Franklin In«t. 187, 608 (1919). 
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The Bucher process uses the following reaction : 

Na^COa 4- 4 C + Na = 2 NaCN -f 3 CO - 138,500 cal. ; 


it proceeds rapidly in the neighborhood of 1000° C. in the presence 
of finely divided iron as catalyzer. This reaction was discovered 
by Lewis Thompson in 1839, was tried on a commercial scale, and 
was given up. This failure Bucher attributes to leaving iron out 
of the mixture, though its presence was stated by the original 
inventor to be necessary.^ In recent years Bucher’s extensive 
investigations have revived interest in the process. 

Bucher’s method of preparing the material for treatment with 
nitrogen consists in mixing soda ash, carl)on powder, and iron 
with water at a temperature above that at which soda ash loses 
part of its water of crystallization. This hot paste is briquetted 
by forcing through a meat chopper of the disk type, giving bri- 
quettes A ii^ch in diameter and of variable length. These are 
dried with the exclusion of air, and are then ready for nitrifying. 

The extent to which sodium is converted to cyanide depends on 



the temperature 
and the quantity 
of carbon mon- 
oxide in the ni- 
trogen, as shown 
by the graphs in 
Figure 210.’* The 
reaction takes 
place rapidly and 
is usually com- 
pleted in an hour. 
Any kind of car- 
bon free from ash, 
such as lampblack, 
petroleum coke, 
gascarbon, or char- 
coal, gives good 
results.* In order 


iVrcMit CO in Initial Gaa tO get the bcSt re- 

Fio. 210. ~ Graphs of the Conversion of Sodium gyUg ^he iron 
Carbonatb to Cyanide by Nitrooen Containing i i i , ^ i 

Carbon Monoxide should be tinely 


»J. Ind. Eng. Ch. 9 , 233 (1917). 

* Ferguson and Manning, J. Ind. Eng. Ch. 11, 946 (1919). 

* Thompson, Chejn. Met. Eng. 26 , 124 (1922). 
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divided by precipitation, and it is then possible to make briquettes 
in which over 90 percent of the sodium is in the form of cyanide.^ 

If briquettes are made with a sufficiently large proportion of 
soda ash, they remain hard after treatment ; if not, they are soft 
and fall to pieces on handling. 

During the war the government built a plant at Saltville, Vir- 
ginia, for carrying out this process.^ The briquettes were passed 
through ferrochromium tubes 9 inches in diameter, heated by gas. 
The cyanide was leached with liquid ammonia, A\luch docs not 
dissolve the other sodium salts present. The armistice was de- 
clared before this plant was ever run at full capacity. 

This reaction requires careful heat control and therefore should 
be heated electrically. The briquettes do not conduct well when 
cold, but are good conductors at 1000° C. It is important to heat 
the whole charge to the cyaniding temperature, for if part is 
below this temperature the sodium carbonate gives off carbonic 
acid slowly and thus prevents the briquettes at the high tempera- 
ture from reaching a high concentration of cyanide. 

Raw materials and power would cost about six cents per pound 
of sodium cyanide. 
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CHAPTER XXI 


THE PRODUCTION OF OZONE 

General Discussion. — In 1785 van Marum observed that oxy- 
gen through which an electric spark had passed had a peculiar 
odor, and that it at once tarnished a bright surface of mercury.^ 
Nothing was done to throw light on this phenomenon until 1840, 
when it was investigated by Schonbein. He had observed for a 
number of years previously that during the electrolysis of aqueous 
solutions an odor is produced in the gas evolved at the anode 
similar to that resulting from the discharge of electricity from 
points.* He described a nunilx^r of the properties of this sub- 
stance, and suggested the name ozone, from meaning smell- 
ing. For many years the chemical nature of this oxidizing prin- 
ciple was unknown, but it was found eventually, after a great 
number of investigations, to be simply condensed oxygen with the 
formula Os. 

The formation of ozone from oxygen is an endothermic reaction : 

} O 2 = O 3 — 34,000 cal. and AF = — 32,400 cal.® 

Since heat is absorbed in the production of ozone, thermo- 
dynamics requires that the equilibrium existing in a mixture of 
oxygen and ozone Ix' displaced in the direction of a greater ozone 
concentration by an increase in the temperature of the mixture. 
In order to prove this experimentally, it is necessary to heat the 
oxygen to a temperature high enough to produce a measurable 
quantity of ozone, and then, by cooling suddenly, to prevent the 
decomposition of the ozone formed. This has been done by 
blowing air or oxygen against a hot pencil, such as is used in a 
Nernst lamp,^ and also by dipping a hot Nernst pencil, or hot 
platinum, in liquid air.^ 

* Roscoe and Srhorlemmer, Treatise on Chemistry, 1 , 262 (1920). 

* Pogg. Ann. 60 , 610 (1840). 

•Lewis and Randall, Thermodynamics, p. 476 (1923). 

* Fischer and Marx, B. B. 40 , 443 (1907). 

* Fischer and Braehmcr, B. B. 39, 940 (1906). 
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Ozone may also be produced by the action of ultra-violet light, 
and of the brush discharge of electricity on oxygen and by elec- 
trolysis. While the brush electric discharge is the only method 
used commercially for the manufacture of ozone, it will be interest- 
ing to compare the yield p(‘r kilowatt-hour attained by the brush 
discharge with some of the other methods. By blowing air against 
a hot Nernst pencil, the yield was found to Ik' one gram per kilo- 
watt-hour; and by dipping hot bodies in Yn\\iu\ air, al)out 3.5 
grams. The concentration of the ozon(‘ in both cases was less 
than three |X)rcent. By ek'ctrolyzing solutions of sulfuric acid of 
specific gravity between 1.075 and 1.1 witli a wah'r-cooled platinum 
anode, at 13° C. and a current density of 5800 amp./sq. dm. 23 
percent by weight of the oxygen given off at th(‘ anodt' has been 
obtained in the form of ozone and 28 i)erc(‘nt at — 14° C. The 
best energy yield was 7.18 g./kw.-hr. at 7.8 volts.* 

When compared with 70 grams per kilowatt-hour, the yield 
obtained with the brush discharge, th(‘S(‘ methods arci s(‘en to bo 
inefficient from an economical standpoint, though if a high con- 
centration is desired, this can be best obtaimnl l)y electrolysis. 

In most of the theoretical work dom* on the formation of ozone 
by the brush discharge, there was no dic'lectric Ixdween the 
electrodes, and it is therefore not directly applicabh* to commercial 
ozonizers, which nearly always have* a dielectric. Mor(‘over, no 
general laws have been discovered, and different exfx'rimentera 
do not agree even as to facts. For (*xample, Warburg* finds 
that the negative brush produces a gr(*ater concentration of ozone 
than the positive, while in the work done at the Mellon Institute 
for the United States Ozone ( ompany, the contrary was found.* 
Vosmaer apparently also consid(*i-s the jx)sitive brush the more 
effective.'* For these reasons it does not seem worth while to 
summarize the effects of the different conditions on the ampere- 
hour and watt-hour yields. All that it is nec(>sHary to remember is 
that in the production of ozone by the bru.sh discharge, an equilib- 
rium is reached which depends on the conditions of the experiment, 
such as the pressure, temperature, moisture content of the air or 
oxygen, the shape, size, and distance apart, finish, and age of the 
electrodes, whether the current is alternating or direct, and if 
alternating, its frequency and wave form. With high frequency 

* Fischer and Massenez. Z. f. anorg. Ch. 52, 202 and 229 (1907). 

* Ann. d. Phys. 9, 781 (1902) ; 17, 1 (15)05) ; 28, 17 (1909). 

* Hartman, The Truth af>oul Oz<me, p. 59 (1922). 

* Ozone, p. 45 (1916). 
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a greater amount of ozone can be produced per tube on account of 
the greater absorption of energy, but the energy yield and the 
concentration of ozone obtainable are not increased. This is 
shown in Tables 61 and 62.^ 

The energy efficiency of industrial oionizers is only about 5 
percent in air and 15 percent in oxygen. 


Table 61 * Production of Ozone with High-frequency Undamped 
Waves 


Frbqubncy 

Absorption 

OP Enkroy or 
THE Tube, W. 

Energy 

Yield, 

G./Kw. 

Ozone Con- I 

CENTRATION, 

G./Cu. M. 

Ozone Yield 
PER Tube per 
Hour, G. 

Tension, 

V. 

Nature 
or Gab 

50 

2.12 

134 

21.3 

0.285 

5480 

Oxygen 

480 

22.07 

135 

21.1 

2.98 

5830 

Oxygen 

770 

31.9 

135 

22.5 

4.31 

68.50 

Oxygen 

1,080 

44.2 

1.30 

23.0 

5.73 

58.50 

Oxygen 

2,510 

118.7 

138 

20.7 

16.4 

5850 

Oxygen 

4,810 

207.0 

138 

22.7 

28.0 

5850 

Oxygen 

6,880 

303.0 

146 

20.5 

44.5 

5850 

Oxygen 

7,900 

348.0 

142 

19.7 

49.4 i 

5850 

Oxygen 

10,020 

415.0 

139 

22.6 

57.7 

5830 

Oxygen 


Table 62 .* Production of Ozone with High-frequency Undamped 
Wave 


Fkbqubnct 

Absorption 
or Energy or 
the Tubb, W. 

ENEKtn 

Yield, 

G./Kw. 

OZONF CON- 
( kntration, 
G/Cu M 

Ozone Yield 
PER Tube per 
Hour, G 

Tension, 

V. 

Nature 

or THE 

Gas 

50 

1.97 

48 

6.3 

0.095 

5830 

Air 

410 

16.3 

51 

6.1 

0.831 

5830 

Air 

980 

41.5 

46 

5.9 

1.91 

5850 

Air 

1,910 

82.7 

49 

6.2 

4.06 

5840 

Air 

2,780 

119.8 

50 

5:7 

5.98 

5840 

Air 

3,520 

152.1 

53 

6.4 

8.06 

5850 

Air 

4,650 

198.0 

48 

5.3 

9.50 

5850 

Air 

5,260 

219.0 

47 

6.0 

10.30 

5830 

Air 

6,010 

6,970 

248.0 

51 

6.2 

12.65 

5850 

Air 

284.0 

49 

5.8 

13.91 

5850 

Air 

7,930 

315.0 

47 

6.4 

14.80 

5850 

Air 

8,980 

350.0 

52 

6.1 

18.20 

5850 

Air 

10,030 

389.0 

49 

5.8 

19.10 

58,50 

Air 


* Hartman, Tr. Am. Electroch. Soc. 44 , 227 (1923). See also Starke, Z. f. 
Elektroch. 29 , 358 (1923). 

* Reproduce from Dr. Alfred Starke’s thesis (1922). 
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In technical ozonizers no attempt is made to reach equilibrium, 
because at this point the energy efficiency is zero, and is the higher 
the farther the concentration Ls from equilibrium. Thus if air is 
passed through an ozonizer slowly, the concentration of ozone will 
be relatively high, but the energy yield low. 

The air is always dried, usually by refrigeration or by calcium 
chloride. 

The Technical Production of Ozone. — Ozone is produced com- 
mercially for the purification of water, for bleac'hing w^ax, textiles, 
paper pulp, and sponges ; for drying varnishes and paint ; for 
deodorizing cold-storage chain l)ers, and for use as an oxidizing 
agent in organic chemistry.* 

In water purification, the 
action of ozone is to oxidize 
the organic matter and to 
destroy germs. 

Siemens and Halske make 
the ozone apparatus shown 
in Figure 211,2 The dis- 
charge chamber is l)etwecn 
two concentric metal cylin- 
ders, between which 8000 
volts alternating are applied. 

The cylinders are immersed in water for cooling, and the outer one 
is connected to earth. One of the surfaces from which the discharge 
takes place is covered with a glass dielectric. Air enters at the top, 

is partly changed 
to ozone in pass- 
ing l)etween the 
walls of t he con- 
centric cylinders, 
and k'aves the 
apparatus from. 
lx‘low. The con- 
centration of the 
ozone is abfjut 2 
grams per cubic 
metc‘r, which is 
Fio. 212, — Tindal Oionizbh high enough for 

‘ J. W. Swan, Z. f. Elektrwh. 7, 950 (1901); Ovme, E. K. Rideal, p. 142 
(1920) ; Jones, Chem. Met. Eng. 22 . 805 (1920). 

» Z. f. Elektroch. 10 , 13 (1904) ; Electroeh. Ind. 2 , 67 (1904). 
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all ordinarypurposes. The 
yield varies between 18 and 
37 grams per kilowatt- 
hour.^ 

The Tindal ozonizer is 
shown in Figure 212. It is 
in the form of a box, the 
inner walls of which are 
water-cooled electrodes and 
are connected to earth. 
The other electrodes are 
metal plates inside the box 
and insulated from it. 


Fio. 213. - Abraham-Marmier Ozonizer Between 40,000 and 50,000 
volts are applied to the electrodes. There is no dielectric. 


The Abraham-Marmier apparatus 
is shown in Figure 213. It consists 
of a number of cylindrical, parallel, 
hollow electrodes of about a square 
meter area, covered with glass and 
mounted in a box. Water circulates 
through the electrodes for cooling, 
between which about 40,000 volts 



are applied. 

The Otto apparatus 2 is shown in 
Figures 214 and 215. It consists 


Fio. 214. — Lonoitudinal-verti- 
('AL Section op the Otto Ozon- 

IZEU 


of a chamber, K, the metal wall, Ei, of which forms one electrode. 

The sheet steel rings, S, sharpened at M, and 

a mounted on an axle on which they rotate, are 
the other electrode, E. There is no solid 
dielectric. Air passes in the box at B and 
comes out at A. While in the box it is ozon- 
ized and thoroughly mixed by the rotating 
^ electrode. If an arc were to form between 
Fio. 215. — Trans- electrodes, it would be extinguished as the 


vbrbb-vkrtical grooves RR in the rotating electrode pass the 
insulating baw of the box, aa. About 20,000 
volts are applied to the electrodes, the distance 
tetween which may be from 10 to 1000 millimeters. The frequency 
is 600, and the yield is 40 g./kw.-hr. 


‘ Askenasy, Technische Elektrochemie, 1, 246 (1910). 
* Z. f. Elektroch. 7, 790 (1901). 
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The Vosmaer ojsonizer ^ is shown 
in vertical section. The strips 
a are the sharp-edged electrodes, 
b the air spaces, c the dielectrics, 
and d the flat poles. About 10,000 
volts are applied to the plates. 
At the usual concentration of one 
gram of ozone per cubic meter 
the yield is 50 g./kw.-hr. The 
units are made from 100 to 1000 
watts. 

The ozonizer made by the 
United States Ozone Company, 
of Scottdale, Pa., consists of an 
aluminum plate placed between 
two sheets of dielectric, consisting 
of mica flake of special size put 


in Figure 216, in horizontal and 



air 


together with a binder whose com- 
position is not disclosed, with an 
air space l^etween the plate and 
the dielectric. The casing is 
aluminum and acts as the other 
electrode. Figure 217 shows two 
generators and the electric con- 
nections. Radiation fins arc 
placed all over the outer surface 



Fio 210 . — Thk Vohmakr OzoNitBn : 
VhiiTK’Ai. SHtnioN AiiovK Hoiti- 
ZON1AL StCTlON liKIXjW 


of the casing for cooling, w^iich 

prevent the temperature from rising more than above room 
temperature, when working at the prescribed current density. 
The rheostat is for taking care of the variations in ])rimary vol- 


tage of the 1 10 to 10,000 volt stejMip transformer. The primary 
voltage should not vary more than 5 volts ai>ovc or below the 


mean. 


In case an arc forms, there is rarely more than a 25 percent 
increase in the current, which is too small to be protected by 
fuses. Therefore the overload relay is placed in the primary 
circuit, which opens in case an arc forms and remains open un- 
til closed by hand, after replacing the dielectric. 

The life of the dielectric is almost indefinite when the air or 
oxygen is dry and the voltage does not vary more than six per- 


* Reproduced from Vosmaer’s Ozone, lie Manufacture, Propertiee, and 
Um, p. 108 (1916). D Van Nostrand Company. 
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cent plus or minus, but when the gas has only ten percent rela- 
tive humidity at 15° C. a dielectric will not last over a month. 
Dehydration on a large scale is best accomplished by refrigera- 
tion ; calcium chloride is better for small scale. 

About a thousand of these ozonizers are said to be in daily 
operation in the United States. 



Fio. 217. — SB(rrioN of Ozonizf.us and Accessories of 
THE United States Ozone CJompany 


Figure 218 shows the relation between the concentration and 
the yield for these ozonizers.' 
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Pio. 218. — Ohapm Showing the Rblation hbtwbkn Ghamu per Kw.-Hr. and 
Grams phr Cb. M. or the Unitfp States OEr>NB C'-ompant’s Oeonierb 





APPENDIX 

TABLE OF INTERNATIONAL ATOMIC WEIGHTS 

0 = Ki.OOO 



(1923) ' 


(1923) 

Aluminum . 


. A1 

27.1 

Tri<lium . . . 

. Ir 

193.1 

Antimony . 


. Sb 

120.2 

Iron .... 

. 1m‘ 

55.84 

Argon . . 


. A 

39.9 

Krypton . . 

. Kr 

82.92 

Arsenic . . 


. As 

74.96 

Lanthanum 

. La 

139.0 

Barium . . 


. Ba 

137.37 

D‘ad . . . 

. Pb 

207.20 

Bismuth 


. Bi 

209.0 

Lithium . . . 

. Li 

6.94 

Boron . . 


B 

10.9 

Lutecium . . 

. Lu 

175.0 

Bromine 


. Br 

79.92 

Magnesium . . 

. Mg 

24.32 

Cadmium . 


. Cd 

112.40 

Manganesi* . . 

. Mn 

54.93 

Caesium . . 


. Cs 

132.S1 

Mercury . . . 

. iik 

2(X).6 

Calcium . . 


. Ca 

40.07 

Mohlxienuin . 

. Mo 

96.0 

Carbon . . 


. C 

12.(K)5 

NecKlvmium 

. Nd 

144.3 

Cerium . . 


. Ce 

140.25 

Neon . . . 

. Ne 

20.2 

Chlorine . . 


. Cl 

35.46 

Nickel . . . 

. Ni 

58.68 

Chromium , 


, (V 

52.0 

Niton . . 

. Nt 

222.4 

Cobalt . . 


. Co 

58 97 

Nitrogen . . 

. N 

14.008 

Columbium 


, Cb 

93.1 

O.srnium . 

. (>H 

HKl.O 

Copper . . 


. Cu 

63.57 

O.wgeti . . . 

. 0 

16.(K)0 

Dysprosium 


. Dy 

162.5 

Pulladium . . 

. P(i 

10t).5 

Erbium . . 


. Er 

167.7 

Phosphorus 

. p 

31.04 

Europium . 


. Eu 

152.0 

Platinum . . 

. Pt 

195.2 

Fluorine . . 


. FI 

19.0 

Potassium . . 

. K 

39.10 

Gadolinium 


. Gd 

157.3 

Praseodymium 

. Pr 

140.9 

Gallium . . 


. Ga 

70.1 

Badmm . . 

. Rd 

226.0 

Germanium 


. Ge 

72.1 

Rho<lium . . 

. Rh 

102.9 

Glucinum . 


. Gl 

9.1 

Rubidium . . 

Rl> 

85.45 

Gold . . . 


. Au 

197.3 

Ruthenium . . 

. Ru 

101.7 

Helium . . 


. He 

4.00 

Samarium . . 

. Sm 

L50.4 

Holmium 


. Ho 

lt5.3.5 

Scandium . . 

. Sc 

45.1 

Hydrogen . 


. H 

1.008 

S<'lcnmm . . 

. Sc 

79.2 

Indium . . 


. In 

114.8 

Silicon . . . 

. Si 

28.1 

Iodine . . 


. I 

126.92 

Silver . . . 

. Ag 

107.88 


‘ International Committee on Atomic Weights, J. Am. Chem. Hoc. i8| 
1761 (1921); 44 , 427 (1922); 46 , 867 (1923). 
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TABLE OF INTERNATIONAL ATOMIC WEIGHTS — Coniinwed 



(1923) 


(1923) 

Sodium . . . 

. Na 

23.00 

Titanium . . 

. Ti 

48.1 

Strontium . . 

. Sr 

87.6:1 

Tungsten . . 

. W 

184.0 

Sulfur . . . 

. S 

32.06 

Uranium . . . 

. U 

238.2 

Tantalum . . 

. Ta 

181.5 

Vanadium . . 

. V 

51.0 • 

Tellurium . . 

. Te 

127.5 

Xenon . . . 

. Xe 

130.2 

Terbium . . 

. Tb 

159.2 

Ytterbium . . 

. Yb 

173.5 

Thallium . . 

. Tl 

204.0 

Yttrium . . . 

. Y 

89.33 

Thorium . . . 

. Th 

232.15 

Zinc .... 

. Zn 

65.37 

Thulium . . . 

. Tm 

169.9 

Zirconium . . 

. Zr 

90.6 

Tin .... 

. Sn 

118.7 





TABLE OF ELECTROCHEMICAL EQUIVALENTS OF THE MORE 
IMPORTANT ELEMENTS 1 



Valbncb 

Miluor\mh Db- 
P08ITBI) BY 1 Am 
PEKK IN 1 Second 

Gramh Deposited 
BY 1 Ampere in 

1 Hour 

Aluminum . . 

. . . A1 

3 

0.0936 

0.337 

Antimony . . 

. . . Sb 


0.4152 

1.495 

Arsenic . . . 

... As 


0.2590 


Barium . . . 

. . . Ba 


0.71175 

•2.5623 

Bismuth . . . 

. . . Bi 


0.5414 


Bromine . . . 

. . . Br 

1 

0.8282 

2.981 

Cadmium . . . 

. . . Cd 

2 

0.5824 

2.096 

Calcium . , . 

. . . Ca 

2 

0.2076 

0.7476 

Cerium . . . 

. . . Ce 

3 

0.4845 


Chlorine . . . 

... Cl 

1 

0.3675 

1.3228 

Chromium . . 

. . . Cr 

2 

0.2694 


Chromium . . 

. . . Cr 

3 

0.1796 

0.647 

Cobalt .... 

... Co 

2 

0.3055 


Cobalt .... 

... Co 

3 

0.2037 

0.7333 

Copper .... 

. . . Cu 

1 

0.6588 

2.3715 

Copper . . . 

. . . Cu 

2 

0.3295 

1.1857 

Fluorine . . . 

... FI 

1 

0.1969 

0.709 

Gold .... 

. . . Au 

1 

2.045 

7.360 

Gold .... 

. . . Au 

3 

0.6815 

2.453 

Hydrogen . . 

. . . H 

1 

0.01045 

0.03704 

Iodine .... 

... I 

1 

1.3152 

4.7347 

Iron 

. . . Fe 

2 

0.2893 

1.0416 

Iron 

. . . Fe 

3 

0.1929 

0.6944 

Lead .... 

. . . Pb 

2 

1.0737 

3.8648 


^ Based on the atomic weights given above and on the value 96,500 for the 
electrochemical constant. 
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Valenok 

Miluokamh I)k- 
itwiTEU nv 1 Am- 
pere IN 1 Second 

Gr\un Dkihwitrd 
nv 1 Amperb in 

1 Hour 

Lithium . . . 

. . Li 

1 

0.0719 

0.259 

Magnesium . . 

. . Mg 

2 

0.1200 

0.4530 

Manganese . . 

. . Mn 

2 

0.28462 

1.0210 

Manganese . . 

. . Mn 

3 

0.18974 

0.08307 

Mercury . . . 

. . Hg 

1 

2.079 

7.483 

Nickel .... 

. . Ni 

2 

0.3(410 

1.093 

Nickel .... 

. . Ni 

3 

0.2027 

0.7297 

Oxygen . . . 

. . 0 

2 

0.08290 

0.2984 

Potassium . . 

. . K 

1 

0.4052 

1.4586 

Silver .... 

. . Ag 

1 

1.1180 

4.0242 

Sodium . . . 

. . Na 

1 

0.238.3 

0.8580 

Tin 

. . Sn 

2 

0.0150 

2.214 

Tin 

. . 8n 

4 

0.3075 

1.107 

Titanium . . . 

. . Ti 

4 

0.1240 

0.4486 

Tungsten . . 

. . W 

0 

0.318 

1.144 

Zinc .... 

. . Zn 

2 

0.3387 

1.2193 

Zirconium . . 

. . Zr 

4 

0.2347 

0.845 


NUMERICAL RELATION BETWEEN VARIOUS UNITS 

ENCiLlSH AND MkTHH' Mk/KI'UKH 

Note. — Values taken from “Tables of Weights ami Measun^s/' U. S. Coast 
and Geodetie Survey, 181M). 

Lenutii 

1 meter = 39.37 inehes ^legalized ratio for the U. S.) 

1 meter = 1.093011 yards 
1 meter = 3.280833 feet 
1 kilometer = 0.021370 mile 
1 inch = 25.40005 millimeters 
1 foot = 0.304801 meter 
1 yard = 0.914402 meter 
1 mile * 1.009347 kilometer 

Mass 

1 kilogram = 2.204022 pounds av. 

1 gram = 15.43235039 grains 
1 pound « 0.4535924277 kilogram 
1 ounce sv, =* 28.34853 grams 
1 ounce troy * 31.10348 grams 
1 metric ton = 1000 kilograms 
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Volume 

1 liter * 1.05668 quarts 
1 liter * 0.26417 U. S. gallon 
1 liter = 33.814 IJ. S. fluid ounces 
1 quart, U. S. = 0.94636 liter 
1 gallon, U. S. = 3.78544 liters 
1 fluid ounce = 0.029573 liter 


Units and Conversion Factors 

(From Pender's Handbook for Electrical Engineers^ 2d ed., 1922) 

1 kg.-cal. “ 3.968 B.t.u. = 4183 joules = 426.6 kg.-meters 
1 joule « 10’ ergs = 0.2390 gram-cal. 

1 horse power = 0.7457 kw. = 1.014 metric h.p. 


LEGAL ELECTRICAL UNITS > 


The legal electrical units in the United States are defined as follows : 

(1) The unit of resistance is the international ohm, represented by the re- 
sistance offered to a steady current by a column of mercury at 0® C, whose 
mass is 14.4521 grams, of a constant cross-section, and whose length is 106.3 
centimeters. 

(2) The unit of current is the international ampere and is the equivalent 
of the unvarying current, which, when passed through a solution of silver 
nitrate in water, in accordance with standard specifications, deposits silver 
at the rate of 0.001118 gram per second. Sec p. 7 for the method of making 
measurements. 

(3) The unit of electromotive force is the international volt, which is the 
electromotive force that, steadily applied to a conductor whose resistance 
is one international ohm, will produce a current of an international ampere 


and is practically equivalent to 


— of the electromotive force of a Clark 
1.434 


cell, at 15® C., when prepared according to the standard specifications.* 

(4) The unit of quantity is the international coulomb, which is the quantity 
of electricity transferred by a current of one international ampere in one second. 

(5) The unit of work is the joule, equal to 10’ ergs, and is practically equiv- 
alent to the energy expended in one second by an international ampere in an 
international ohm. 

(6) The unit of power is the watt, and is practically equivalent to the 
work done at the rate of one joule i)er second. 


^ Bulletin of U. S. Coast and Geodetic Survey, Dec. 27, 1893. 

* See Bulletin of U. S. Coast and Geodetic Survey, Dec. 27, 1893. Later 
experiments gave an e.m.f. of 1.4328. See Pender’s Handbook for Electrical 
Engineers, p. 187 (1922). 
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Jndex of Subjects, Authors, Firms, and Places 

AiUhorSf Firms, and Places are in Small CapiiaU 


Abbott, 269 
Abegg, 99, 412 
Abel, 320 

Absolute electrode potential, 94 ff. 
Accumulators. See storage cells. 
Acetic acid, 42, 43, 157, 167, 218, 412 
Acetone, 269, 412 
Acetylene, 412 
Acheson, 419, 425, 428, 432 
Acheson Graphite Company, 402 
Acid potassium fluoride, 279 
Acids, electrometric titration of, 165 ff. 
Acker process, 445 

Activity, 43; coefficients, 43, 77, 78; 

of ions, 75 
Adams, E. Q., 395 
Adams, L, 179 

Addicks, 200, 215, 217, 219, 220, 221, 
222, 226, 2:i0, 231, 231, 237, 240, 
250, 256 

Addition agents, 125. (S(*e also ad- 

loids, gelatin, glue.) 

Adler, 338 
Adolph, 289 
Air electrode, 167, 337 
Ajax-Northrup high frequency induc- 
tion furnace, 385, 408, 481 
Ajax- Wyatt furnace, 481 
Albright and Wilson, 434 
Albumen, 59 
Aldrich, 249 
Alexander, 412 
Alizarine, drying of, 368 
Alkali-chlorine cells, Ix^ll-jar, 289; 
diaphragm, 286 ff. ; mercury, 290, 
315 ff. 

Alkali halides, electrolysis of, 276 IT. 
Alkali hydrate, 299 ff. ; electrolytic 
production of, 280 ff. ; reaction 
with halides, 275 


Allen, D. E., 394 
Allen, S. T., 450 
Allen, W. G., 323 
Allen-Moore cell, 305 ff. 

Allman 1), 313 

Alloying power in plating, 185 
Alloys, anodic behavior of, 135 ff.; 
aluminum-magnesium, 442; alu- 
minum-silicon, 427 ; aluminum- 
copper, 4;i9 ; calcium-lead, 447 ; 
copper-silver, 135 ; copper-cad- 
mium, 136; copper-tin, 136; 
cathodic-deposition of, 120. 
(Sec also brass, bronze, ferro- 
alloys, etc.) 

Aloxite,'390, 434 
yVlternating current cell, 145 
Alternating currents, for cijnductanco 
meiusununents, 31 ; discharge 
through gases, 374 IT. ; effects on 
electrode jiroci-sses, 115, 130, 146, 
155, 241; elect rolysi.H with high 
frequency, 118; power factor, 
induction furnaces, 381 ff. ; recti- 
fication of, 140 

Alumina, fused, 434 ff. ; impurity in 
electrolysis, 2tM>; impurity in 
limestone for carbide, 415; re- 
duction of, 439 

Aluminum, anode films on, 141 ; 
cathodes, 204, 205, 207, 249; hy- 
drogen overvoltage on, 112, 114; 
plating on, 186; production of, 
439 ff ; rectifier, 140; uses for, 
442 

Aluminum (V)mpany of America, 441 
Aluminum compounds : nitride, 
.508 ff.; sulfate, 200. (Sec also 
alumina, aluruium, bauxite, cryo- 
lite.) 


625 
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INDEX 


Alundum, 390; bricks, 390, 393, 394; 
cement, 409 ; manufacture of, 
434 ff. ; tubes, 409 

Amalgams, electrode f)otentials of, 70 ; 

production of, 120, 315 ff. 
Amberg, 463 

American Cyanamid Company, 492 
American Magnesium Corporation, 
448 

American Smelting and Refining 
Company, 214, 249, 234, 252, 255 
Ammonal, 442 

Ammonia, from aluminum nitride, 
509 ; from cyanamide, 491 ; ox- 
idation of, to nitric acid, 507 ; 
synthetic, 506 

Ammonium, nitrate, 81 ; persulfate, 
263 ; sulfate, 26;} 

Ampere, 524 

Amphoteric electrolytes, 27 
* Anaconda Copper Mining Company, 
200, 202, 204, 205, 208, 214, 483 
Anaconda Lead Products Company, 
267 

Analysis, electrochemical, 161 ff. ; by 
potential measurements, 161 ; of 
impurities in sugar, 102 ; in water, 
162 

Anderson, 482 
Aniline, 272 ff. 

Anions, 14 ; discharge of, 127, 146 ff. ; 
effect on form of metal deposits, 
124; on pas.sivity, 144; poly- 
merization of, 154 

Anode, 4; effect, 438; protecting 
films on, 139 

Anode chlorate formation, 279 
Anode mud, 132; in plating, 185; in 
copix*r refining, 213, 222, 235; 
in silver refining, 238 ; in gold re- 
fining, 244; in lead refining, 251, 
252 ; in zinc refining, 249 
Anodes (insoluble), 138, 173 ff., 201, 
216; catalytic effect of, 155 
Anode scrap : Hybinette process, 211 ; 
copper refining, 237 ; nickel re- 
fining, 250 ; lead refining, 252 
Anode slime. See anode mud. 

Anodic behavior of pure metals, 
131 ff. ; of metals with more than 
one valence, 132 


Anodic impurities in refining : copper, 
220 ff . ; gold, 244 ; iron, 246 ; lead, 
250; nickel, 250; silver, 237; 
tin, 255 ; zinc, 249 
Anodic processes, 127 ff. 

Anolyte, 176 
Anthracene, 258, 268 
Anthrachinon, 268 

Anthracite, for calcium carbide, 4lS; 
for electrodes, 397; for ferro- 
manganese, 483 

Antimonial lead, anodes, 215; grids, 
349, 351, 352; tank lining, 
224 

Antimony, anodic behavior of, 133; 
impurity in electrometallurgy of, 
other metals, 203, 215, 219, 220, 
221, 223, 224, 248, 251, 255; film 
on, 142 

Arc, chemical effects in, 377 ; high 
tension, 376; low tension, 376; 
magnetic deflection of, 501 ; po- 
tential drops at electrodes in, 377 
Arc furnaces, 374 ff. ; for brass melt- 
ing, 472, 475 ; for clacium carbide, 
415 IT.; for ferroalloys, 482; for 
nitrogen fixation, 498 ff. ; for pig 
iron, 457 ff. ; for steel refining, 
466 ff. 

Armstrong Cork and Insulation 
Company, 392 
Arndt, 49, 174, 449 
Arnold, 393 

Arrhenius, 16, 40, 47, 48 
Arsdale, van, 212, 268 
Arsem, 409, 429 
Arsem vacuum furnace, 408 
Arsenic, impurity in electrometallurgy 
of other metals, 203, 217, 219, 
220, 221, 223, 248, 251 
Arsenious oxide, pickle for copper 
plating, 189 

Asbest^ diaphragms, 176 
Ashcroft, 444, 445 
Askenasy, 175, 257, 258, 259, 292, 
299, 311, 413, 414, 418, 439, 440, 
457, 516 

Asphaltum lining, 249 ; varnish, 247 
Atac^mite, 200 
Atchison, 175 
Aten, 126 
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Atmospheric Nitrogen Company 
508 

Atmospheric Products Company, 
The, 499 

Aue, Germany, 295 
Auerbach, 99 
Aussig, Austria, 313 
Avogadro’s number, 14 
•Ayrton, Mrs., 377 
Azobenzene, IM, 273 
Azobenzol. See azobemene. 
Azoxybenzene, 272 

Back electromotive force, 326 
Badin, North Carolina, 442 
BaDISCHB AnILIN- UND SoDAFABRlK, 

271, 503, 50i) 

Baekeland, 303 
Bag type dry cell, 330 
Baily furnace, 475 
Balaklala, California, 370 
Balbach Company, 250 
Ballard, 274 
Baltimore, 249 
Bancroft, 56, 61, 124 
Bardwell, 483 
Barnes, 336 
Basel cell, 310 

Bases, electrometric titration of, Hio IT 

Bates, 12, 33 

Bathite, 434 

Batsford, 443 

Bauer, 336 

Bauxite, 391, 435, 439, 508 
Bayer process, 442 
Bearing metal, 447 
Beattie, 72, 82 
Bechterew, 335 
Becker, 444, 452 
Becquerel cell, 335 
Behrend, 163 
Belcher, 208 
Bell, 3, 31 
Bellinger, 202 
BeU-jar cell, 286, 289 ff. ; 313 
Bennett, 53, 125, 283 
Bennewitz, 127 
Bennie, 456 
Benzidine, 272 
Benzine, 181 
Berkmann, 117 


Berry, 435 

Berthelot, 378, 427, 494 
Bessemer process, 454 
Betts, 250, 251, 252, 445 
Betts process, 250 ft. 

Beutner, 412, 491 
Beyer, 169 

Billiter, 56, 256, 257, 266, 296, 311, 
320 

Billiter horizontal diaphragm cell, 311, 
312 

Billiter-Ix*ykain cell, 313, 314, 415 
BiNDsniKOLER, 139, 267 
Binoham, 413, 415, 417 
Bipolar elect roilea. Si^e intermediate 
declnxirH. 

Birkeland, .501, 502 
Birkidund-Kyde process, 501 
Bismuth, anodic In^havior of, 133 ; dep- 
o.sition of, 252; electroanalysis 
of, 168; film on, 139, 142; im- 
purity in electrometallurgy of 
other metals, 219, 220, 221, 223, 
224, 218, 2.55 
Bjerrum, 36, 81 
Blake, .56 
Blast furnace, 1.53 (T. 

Blau, 281 

Bloomfield, New .Jekhey, 331 
Blount, 199 
Blue fMiwder, 48.5, 486 
Blum, 185, 187, 188, B)2, 195, 197 
BoDENhTElN, 40tl, 497 
Bodlae.nder, 205 
BoEHRINOER UND SOlINE, 270 
Bohi. 74 

Boi.sbaudran, 212 
BOllino, 425 
Booth, 474, 475 

Booth ELErrRit: Furnace Company, 
408 

Booth furnace, 407 ; rotating furnace, 
475 

Booth-Hall furnace, 473 AT. 

Borax, 391 

IhuiCHEHK, HK), 2.56, 336, 449, 451 

Borchers cell, 3.36 

Boric arid, 186, 187, 190, 192 

Borocarlione, 434 

Bomlon, 434 

Boron, .388 
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Bosb, 92 

Bosh, 454 

B6TT0EJI, 165 

Boulagb, 126 

Boyer, 212 

Brace, 447 

Bradley, 440, 499 

Bradley-Ix)vejoy process, 499 

Brabhmbr, 512 

Brand, 258 

Brass, anodes, 190 ; corrosion of, 137 ; 
electrolytic, 121 (T. ; melting, 479; 
pickle for, 183 ; plating, 190 
Brauer, 145 
Bray, 18, 33, 44, 46 
Brediq, 69, 490, 491 
Breunino, 112 
Brioob, 53 

Bright dipping bath, 184 
Brighton, 99 
Briner, 288 
Brion, 375 

British America Nickel Corpora- 
tion, Ltd., 210, 211, 214 
Brochantite, 200 
Bromates, 276 

Bromides, electrometric titration of, 
164, 165 

Bromine, action on alkali, 276, 284 ; 

anodic deposition of, 147 
Bromoform, 2^ 

BrOnbted, 104 

Bronze, pickle for, 183 ; melting, 479 
Brooke electrode economizer, 466 
Brophy, 385 
Brown, C. 0., 511. 

Browne, D. H., 178 

Browne process, 209 

Brownian movement, 58 

Browning, 212 

Bruonatelli, 179 

Brunner, 123, 335 

Brunner, Mono and Company, 205 

Brush, 348 

Brush discharge, 375, 376 
Bryan, 249 
Bucher, 610 
Bucher process, 510 
Buchner, 153, 177 
Bupf, 139 
Bugarsky, 66, 81 


BOltemann, 263 
Bunsen, 439, 446, 448 
Bunsen cell, 327 
Burdett cell, 321, 324 
Burdett Manufacturing Company, 
321 

Burgess, C. F., 183, 186, 190, 245, 329 

Burgess, G. K., 376 

Burgess process, 245 

Burns, 216, 221 

Burton, 61 

Bussy, 448 

Butters, 206 

Byers, 145 

Cadmium, 137 ; alloy, 137 ; cell, 63 ; 
electroanalysis of, 169, 170; ex- 
traction of, 207 ; hydrogen over- 
voltage on, 112, 113, oxygen, 
128; hydroxide, 194; impurity in 
electrometallurgy of other metals, 
203,209,249; plating, 194; pro- 
tecting him on, 139, 142; sulfate, 
63 ; uses for, 207 
Cady, H. P , 27 
Cady, W. G , 375, 376 
Caffein, reduction of, 152 
Calcium, 373; impurity in elec- 
trolysis, 299; manufacture of, 
446 (T. ; uses for, 447 
Calcium carbide, action of nitrogen on, 
490 ; manufacture of, 412 ff. ; as 
reducing agent in steel rehning, 
464 ; theory of formation of, 411 ; 
uses for, 412 

Calcium carbamate, 493 ; chloride, 
fused, electrolysis of, 446, for pre- 
venting reduction, 257, 294 ; flu- 
oride, 464; sulfate, 219, 464; 
sulfide, 464 

Calcium cyanamide, 489, 490 ff. 
Calcium cyanide, 491 
Calcium nitrite, production of, 502 
Calcium oxide. See lime. 

Cald^tjll, 5, 34 

Calomel electrode, normal, 100 ; tenth 
normal, 98 
Calorie, 524 
Calorizing, 442 

Calumet and Hecla Mining Com- 
pany, 214 
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Campbell, 283 
Camphor, 257 

Canada Zinc Company, 487 
Canadian Copper Company, 2(M) 
Canadian Nickel Company, 210 
Cantoni, 291, 292, 310 
Capacity, of primary cells, 320. 332; 
, of storage cells, 344, 301, 303 
Caplan, 115, 130, 148 
Caples, 204 
Carbolon, 389 

Carbon, amorphous, 427; free and 
total energy of combustion of, 
332 flP. ; hydrogen overvoltage on, 
112 ff. ; impurity in electrometal- 
lurgy, 211, 240, in nickel plating, 
187 ; as negative pole of primary 
cell, 330; reaction with alu- 
minium oxide and nitrogen, 510; 
lime, 411; silica, 423. (Sc*e also 
anthracite, charcoal, coke, graj/hite, 
lampblack, petroleum coke, retort 
carbon.) 

Carbon anodes, 173 ; in alkali-chlorim* 
cells, 289, 299, 311 ; in electro- 
metallurgy, 200 

Carbon bisulfide, in silver plating, 192 ; 

manufacture of, 432 IT. 

Carbon cathodes, 272 
Carbon cell, 332 fT. 

Carbon dioxide, 302; dissociation of, 
333; impurity in electrolytic 
chlorine, .‘300, 311, 313, 314;' m 
furnace gases, 417, 441 ; in oxida- 
tion of ferrocyanidc, 201 
Carbon electrodes, bipolar, 2tK) IT. ; for 
furnaces, 397 ff. ; impr(‘gnated 
with cobalt solution, 174 
Carbon rnono.xide, cell, 330; in fur- 
nace gases, 417, 441 ; impurity m 
hydrogen, .507 

Carborundum, 419 ff.; anodes, 176; 
chemical projx^rties of, 390; fire 
sand, 421 ; manufacture of, 
421 ff. ; refractory, 389, 393, 394 ; 
uses for, 425 

Carborundum Company, The, 423, 
424, 426, 43,5 
Carlisle, 10 
Carmichael cell, 311 
Camallite, 448, 449 


Caro, 490 

Caro’s acid, 2tV2, 264 
Carrara, 48 
(Carrier, ;307 

Cascade, numl)C‘r of tanks in, 201, 204, 
213 

(’aspari, 112 
('a.stneh, 443 

Castner-Kcllner alkali-chlorine cell, 
291,316 

(’astner sodium cell, 4;10 ff. 

('ataly.sts, in ammonia synthesis, ,507; 
in electrolytic oxidation, 156; in 
electrolytic rcaluction, 152, 1.53 
Cataphoresis, 56, 369 
Cathode, aluminum, 204 IT.; copper, 
272; in copper refining, 228; de- 
fined, 4; graphite, 294; iron, 
152, 2S9; iron refining, 246; 
lead, 206, 272 ; magnesium, 1,53 ; 
mercury, 151, 272, 286; nickel, 
272; platinum, 151, 272; propul- 
sive, 310; rotating, 120, 125, 196, 
207; silver, 272; steel, 307, 309; 
tin, 272 

('athodic processes, 111 ff. 

(at holy te, 176 

Cations, ilefined, 14; effect on passiv- 
ity, 1 15 

Ca\kndisii, 493, 494 
( ’ement, cell const riK’t ion, 178; testing 
of, 178 

(.’ciii<*ntation, in cadmium extraction, 
207 ; in copjKT refining, 216, 217 ; 
in iron extraction, 209; in nickel 
extraction, 211; in silver refining, 
2.39, 241 ; in stetd manufacture, 
4.55 

Centrifugal effect, 384 
Orium, production of, 450; sulfate, 
as caOilyst, 2ti8 
('hano, 220 

Characteristic curve, .375 
Cliarciial, for calcium carbide, 413; 

for iron smelting, 461, 463 
('harge of storage cells, ff. ; 360 
ff. 

Chemical action at a distance, 83 
Chemmetal, 130; hydrogen overvolt- 
age on, 114, oxygen, 129 
CuicAuo, Illinois, 321 
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Chilesotti, 160, 153 
Chili Copper Company, 201 
Chili Exploration Company, 200, 
203 

Chinhydron, 150, 155 
Chinon, 150 

Chlorates, chemical formation of, 276; 
electrolytic formation of, 278 ff. ; 
manufacture of, 298; oxidation 
of, 283 

Chloric acid, 152, 284 
Chlorine, action on alkali, 270 ; anodic 
evolution of, 147 ; by electrolysis 
of chlorides, 299 ff. ; in electro- 
metallurgy of copper, 200; of 
gold, 242, 245 ; of zinc, 203 ; over- 
voltage, 147 

Chloride ion, discharge of, 147, 277; 
^ effect on passivity of nickel, 144 ; 
^ effect on persulfate formation, 
263; use in copper refining, 215 
Chloride negative plates, 351 
Chlorides, electrometric titration of, 
164, 165 

Chloroform, 270 
Christy, 206 

Chromate ion, effect on passivity, 144 
Chromates, electrom(‘trie analysis of, 
167 ; from ferrochromium anodes, 
261 ; used to pn'vent reduction, 
163, 263, 265, 279, 298 
Chromic acid, regeneration of, 156, 
257 ff. 

Chromite bricks, 392 ff. 

Chromium, passive, 145; plating, 194; 

extraction of, 212 
Chuqoicamata, Chili, 175, 200 
Circulation of electrolyte, 125, 171, 
185, 193, 215, 216, 244, 246, 249, 
252, 254, 256, 281, 290, 291, 292, 
294, 296, 302 ff. ; of metal in in- 
duction furnaces, 383 ff. 

Citric acid, 169 ' 

Clacher, 397 
Clamer, 385 
Clark, 167, 172 
Clark standard cell, 63 
Claude, 506 

Claude process, for pure nitrogen, 492 ; 

for ammonia synthesis, 508 
Clay, diaphragms, 176; drying, 368 


Clevenger, 206 

Cobalt, electrodes in water electro- 
lyzer, 321 ; as impurity in electro- 
metallurgy of other metals, 203, 
221, 223; in dry cells, 329; in 
ferromanganese anodes, 260 ; oxy- 
gen ov(‘rvoltage on, 128 ; passive, 
145 ; plating, 188 ; solution for im% 
pregnating carbon electrodes, 174 
C'obalt oxide, effect on hypochlorite 
solution, 276 

CoEHN, 56, 59, 8.3, 112, 123, 127, 139, 
194 

CoFKrn, 117 
Cohen, 66, 81, 104, 198 
Coke, for carbide, 413, 415; for pig 
iron, 46^1 
Colby, 380, 475 
Collins, 8 

Colloids, 57 ff. ; effect on overvoltage, 
116; on mechanical passivity, 
138; on metal deposits, 125 
Columbium, 139, 150 
Complex salts, in electroanalysis, 
169 ff. ; in plating, 184, 185 
('onc(‘ntration cell, 70 ff. ; changes in 
electrolyte, 215 

('oncent ration polarization, 108 
(.'oneentration of electrolyte, effect on 
cathode deposits, 124; on elec- 
trode potentials, 71 ff.; on spe- 
cific conductance, 32 ff. ; on 
e.m.f. of Daniell cell, 102; on 
e.m.f. of storage cells, 339, 367; 
on electrometric titrations, 164 
Concrete cells, 178 

Conductivity, electrical, of aqueous 
solutions, 29 ff. ; of non-aqueous 
solutions, 48; of carbon and 
graphite electiodes, 401 ff. ; of 
fused salts, 48; of granular car- 
bon, 403; as means of chemical 
analysis, 161 ; thermal, of carbon 
and graphite electrodes, 400 ff. ; 
of refractories, 394 ; of water, 45. 
(See also resufance.) 

Conductors, first and second class, or 
electronic and electrolytic, 3 
Consolidated Mining and Smelting 
Co. OF Canada, Ltd., 209, 214, 
252 
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CONSTAM, 266 
CoOUDQE, 39 

Cooling of cells, 201, 205, 293, 295, 
296,299 
Cooper, 337 

Copper, anodes, 220, 272 ; anodic be- 
havior of, 134 ff. ; cathodes, 220 ; 
conductivity of, 220 ; coulometer, 
9 ff. ; electroanalysis of, 168, 170, 
171; electrode potential of in 
cyanide solutions, 122; electro- 
lytic extraction of, 199 ff.; elcc- 
trothermic, 488; olectrotyping, 
195; film on, 139; foil, 195; hy- 
drogen overvoltage on, 113, oxy- 
gen, 128, 129 ; as impurity in dry 
cells, 329 ; in electrometallurgy of 
other metals, 203, 207, 208, 211, 
238, 240, 244, 248, 254, 255; m 
nickel plating, 187, in storage 
cells, 347; pickle for, 183; plat- 
ing, 189; tubes, 195; wire, 195 
Copper o.xide, effect on hypochlorite 
solution, 276 

Copper refining, 125, 127, 214 ff.; 
anode mud, 132, 134, 222; anodes, 
220, 226 ; by-product.s, 222 ; 

cathodes, 220, 228 ff., 233; com- 
parison of multijile and series 
systems, 236; cost, 231, 237; 
current efficiency, 231, 236; cur- 
rent leakage, 232; electrolyte, 
214 ff. ; floor space reijuired, 237 ; 
multiple system, 224 ft. ; nodule.s, 
233; refineries, 214; resist ance 
of tanks, 234; series svstem, 
234 ff. ; tanks, 224, 225, 228, 235, 
236; tem|KTature of clectrolvte, 
215, 220, 235 

Copper sulfate, by-product in copp(T 
refining, 217 ; conductivity of so- 
lutions of, 22io 
CORDREV, 258 
Com sugar, 191 
Comer effect, 385 

Corrosion, of carbon and of graph- 
ite anodes, 174; of duriron, 175; 
of metals, 131 ff. ; of nickel, 
188 

Cottrell, 369 
CouoHUN, 269 


Coulometers, cop|x‘r, 10; iodine, 12; 
silver, 6; silver titration, 11; 
water, 11 
COULSON, 181 
Cow.^N, 448 

Cowles, 373, 419, 439, 486 
Cowles zinc furnace, 486 
COWPEU-COLES, 197 
(k)wiK‘r-("oles jirocess, 196 
Champ, 374, 376 
CuEiouTo.N, 503, 506, 509 
Oesol, 255 
(Crocker, .328 
(’rosne, .3t)9 
Crucible process, 455 
CnUlKSHANK, 167 
Cru.se, 53 
Oyolite, 441 

Crystal growth in metal deposition, , 
124 

Crystobalite, 391 
Cry.stolon, .389 

(kiprous ions, complex forming, 134 
Current, limiting or maximum, 108; 
maximum through liquid iron in 
oixn eharmel, 384 ; residual, 108, 
148; sjituralion, .376 
Ciurent concentration, 13, 264, 265, 
270, 271, 298 

Current density, 13; effect on over- 
voltage of, 112 ff.; on form of 
metal d(*iK)Hits, 124; on electro- 
lytic reduction, 1.5.3; on electro- 
lytic oxidation, 157 
Current efficiency, 12 
(hiMMi.sm, 81, .3.39 
('URRY, 1.38 

(’yani<le bath, for: copixT plating, 
189; zinr plating, 191; silver 
plating, 192; brass plating, 190; 
cadmium plating, 194; gold ex- 
traction, 2()5 

(Cyanides, piwlnction of, 491, 510 
(Cylindrical furnaces, 395 

Dakin’s solution, 292 
Danicll cell, 327, 367 
Dan.neel, 5, 34 
Dannenbero, 112 
Dantsizen, 409, 449 
Darfo, Italy, 458 
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Dark discharge, 375 
Dabbah, 483, 484 
Davenpobt, 484 

Davitpa ^170 

Davy, Sib H., 373, 439, 443, 446, 448 

Davy, E., 411 

Dayton, Ohio, 296 

Decomposition points, 148 

De Geer, 463 

Denison, 23 

Denso, 169, 173 

Depolarization, 107, 123, 246, 326, 
327, 328, 330 
Des Coudbes, 79 
Desiccated cells, 330 
Despretz, 419, 428, 435 
Deterioration of dry cells, 330 
Detinning, 253, 254 
Detroit Electric Furnace Com- 
pany, The, 475 

Development and Fundi no Com- 
pany, 304 
Deville, 439 
Dextrine, 389 
Diamond, 427 

Diaphragms, 176; in alkali-chlorine 
cells, 286, 299 ff. ; aluminum 
oxide-kaolin, 177; asbestos, 302 ; 
asbestos bag, 310; asbestos ce- 
ment, 302; aslxjstos cloth, 304, 
306, ^8, 309, 311 ; asbestos paper, 
307; barium sulfate, 312; elcctro- 
filtros, 177 ; horizontal, 239, 312 ; 
in metal extraction processes, 199, 
200, 210, 238, 239, 241 ; I/? Blanc’s, 
177; paper pulp, 306; Portland 
cement, 299; Pukall clay, 177; 
in water electrolyzers, 321 ff. 
Diatomaceous earth, 392 
Di-chlor acetic acid, 43 
Dichromates, electrometric analysis 
of, 167 

Dicyandiamide, 491 
Dieffknbach, 258 

Dielectric constant and dissociating 
power, 17 ; table of, 18 
Diesselhorst, 30 
Dietrelm, 121, 150 
Dietzel process, 241 
Diffusion layer, 108, 281, 294 
Diffusion through diaphragms, 177 


I Dill, 79 

' Dilution law, Ostwald’s, 42; formulae 
to replace, 43, 44 
Dinas bricks, 392 

Direct currents, in arc furnaces, 379; 

for conductivity measurements, 31 
Disk winding, induction furnace, 383 
Discharge, of primary cells, 328, 329, 
332; of storage cells, 343, 361 
Dissociation, electrolytic, change with 
temperature, 41 ; computation of, 
36; of electrolytes in mixtures, 
47 ; of fused salts, 50 ; table of, 
38 ; of water, 50 

Dissociation constant, electrolytic 
(equilibrium constant), of acetic 
acid, 42 ; of chlorine derivatives of 
acetic acid, 43 ; of potassium 
chloride, 43 ; of water, 75 
Dissociating power and dielectric con- 
stant, 17 ; table of, 18 
Dixon crucibles, 406 ; muffle, 426 
Dodson, 181 
Dolch, 253 

Dolezalek, 338, 339, 349 
Dolomite, 392 
Domnarfvet, Sweden, 461 
Domnarfvet furnace, 462 
Donath, 499 
Donnan, 60 
Dord bullion, 222, 237 
Doremus, 373 
Double layer, 67 
Dry cells, 328 ff. 

Duclaux, 60 
Dulk, 1.30 
Dunham, .331 
Duralumin, 442 

Duriron anodes, 175, 201 ; eonsum|>- 
tion of, 202 ; hydrogen over- 
voltage on, 111 

East Chicago, Illinois, 267 
FiASTERBROOKs, 225, 226, 239 
Eastman, E. D., 31 
Eastman, G. W., 40 
Eastman Kodak Company, 273 
East St. Louis, Missouri, 488 
Ebert, 294, 320 
Eddy currents, 385 
I Edison-Lalandc cell, 331 



INDEX 


533 


Edison storage cell. See storage cell. 
Edison Storage Battery Company, 
361 

Efficiency, current, 12; voltage, 149; 
energy, 149. (For efficiencies of 
processes, see under correspond- 
ing entries.) 

Eiseman, 115, 130, 148. 

I!lba, Island of, 458 

Elbs, 126, 133, 138, 153, 154, 263, 264. 

269, 348, 364 
Eldridge, 175 

Electric discharge in gases, 374 fT ; 
characteristic of, 375; chemical 
effects of, 377 ff. ; electrical equi- 
librium in, 496 
Electric double layer, 67 
Electric furnace. See furnace. 
Electric Storage Battery Com- 
pany, 351 

Electrochemical analysis, 16 ff. ; com- 
plex sjilts in, 169 

Electro Chemical Company, 178, 296 
Electrochemical constant, 6 
Electrode, 3 ; catalytic effect of, 150, 
156 ; with change in ionic valence, 
92 ; chlorine, 92 ; dropping, 97 ; 
economizer, 446; ga.s, 74; hy- 
drogen, 91, 166; mtermedijite, 
13 ; involving more than one ion, 
89 ff ; norimd calomel, 97 ; oxy- 
gen, 92; potential, 69; reference, 
100; reversible with respect to 
anions, 73; standard, 98; tenth- 
normal, 98; unattackable, 173 
Electrodes, furnace. 397 ff. ; lK;.st di- 
mensions, 399 ff. ; current d<‘n- 
sity, 418 

Electrode potentials, alisolute, 94 ff ; 
of copiier in cyanide solution. 
122; detennination of, 1(X); in 
fused salts, 105 ; molal, 87 ff. ; 
sign of, 88; single, 86; of zinc in 
cyanide solution, 122 
Electro-filtros diaphragms, 177 
Electrolabs Company, The, 321 
Electrolabs Company’s cell, 321 ff. 
Electrolysis, concentration changes 
during, 18 ff. ; Faraday’s law of, 
5 ; of fused salts, 438 ff. ; Orott- 
huss’ theory of, 4 ; Hittorf ’s 


theory of, 18 ff. ; Kohlrauseh’s 
law, of migration of ions in, 33; 
tanks, 173 ff. 

Electrolytes, activity cot’flicients of, 
78; conductivity of, 29 ff.; de- 
viations from solution laws in, 43 ; 
effect of nature of, on metal de- 
posits, 124 

Electrolytic bleaching liquors, 292 ff. 
Electrolytic cell, 62 
Electrolytie cleaning ami pickling, 181 
Electrolytic di.s.so<*iation ISe<‘ dissth 
ciaiion. 

Electrolytic refining, 21211.; copiier, 
214 ff. ; gold, 241 ff. ; iron, 245 ff. : 
lend, 2r)0 ff. ; nickel, 2r)(); silver, 
237 ff ; tin, 252 ff ; zinc, 247 IT. 
Electrolytic meters, 12 
Electrolytic oxulation, 154, 257 ff ; 
catal>tic ('ffect of anode material, 
155 ; (‘ffect of oxygen overvoltage 
on, 156 

Electrolytic rectifier, 140 
Electrolytic reduction, 149; catalysts 
for, 152 ; effoid of hydrogen over- 
voltage on, 1.50, 1.52; prevention 
of, l>y chromate, calcium, and 
inagn(‘sium salts, 1.53 
Elec’tuc.lvtic Zinc; (V>mpany, 249 
Eh'ctromagm'tic circulation, 38*3 ff. 
Elcclmmolive forc(‘, of carlxin cell, 
3.34; and chemical equililmum, 
101 ff. : of concentration cells, 70; 
due to mc'chanical forces, 79; at 
liquid-liquid junctions, 80 ff. ; 
rneiisurernent of, 62; of primary 
cells, 327, .328, 329, .3.32; of 
storage eells, 310, 367 ; and third 
law of thermodynamics, 8.3 ff. 
El-I 3 rTHO,\ ('hEMK’AL (’oMPANY, 306 
Eh'ctronic conduction, 3 
Electrons, 7, 375, 4tXi 
Electro-osmosis, in alkali-chloride eleo 
Irolysis, 286; i‘omparison with 
evaporation as means of removing 
watar, 53 ; defined, 52 ; diaphragm 
current, 55; and dielectric con- 
stant, .52; drying by, 368 ff. ; 
Helmholtz's explanation of, 63; 
sign of charge, .55; tanning by, 
369; Wiedemann's laws of, 62 
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Electroplating, 179 fT.; on aluminum, 
186; anode mud in, 185; bright 
dipping bath for, 184; cause of 
adherence in, 185; and cleaning 
simultaneously, 183; by contact, 
184, 195; by dipping, 184; 
equipment for, 179 ff. ; pickling 
for, 183; pitting in, 185; prepa- 
ration of surface for, 181 ; of rough 
surfaces, 181 ; sand blasting for, 
181; striking bath for, 185; 
throwing power, 185 
Electrostenolysis, 57 
Electrothermics, 411 ff. 

Electrotyping, 179, 194; metal nega- 
tives for, 195 
Elephant ear, 426 
Ellis, 58 
Ellsworth, 203 
Elmen, 246 
Elmore process, 196 
Elton, 204 
Emslander, 264 
Emulsoids, 57 
Ende, von, 338, 339 
Engelhardt, 175, 292 
Engemann, 188 
Entropy, 85 

Equilibrium, chemical, and e. m. f., 
101 ff . ; between ions and undiaso- 
ciated molecules, 17,42; between 
metals and ions, 67 ff. ; In'tween 
non-metals and ions, 74, 91 ff. ; 
electrical, 378, 496 

Equivalent conductance, 29 ff. ; of 
various ions, 34 ; of various 
salts, 33 
Erdmann, 162 
Erlwein, 412, 490 
Ehcard, 245 
Eschmann, 491 
Eusns, 208 
Eustis process, 208 
Evans, 369 
Exide plate, 355 
Eyde, 502 

Fairleb, 493 

Falk, K., 257 

Falk, K. G., 22, 33, 34, 38 

Faraday’s law, 5 


Farbwerke vorm. Meister, Lucius, 
UND Brunino, 268 
Faure plates, 348 
Faust, 364 
Fausti, 27 
Fehse, 174 
Fenwick, 163 
Fbrber, 264 
Ferguson, 510 
Ferranti, 380, 475 
Ferric and ferrous ions, equilibrium 
between, 92 

Ferric chloride, for leaching ores, 208 ; 

sulfate, for leaching, 199 
Ferricyanide, production of, 261 
Ferroalloys, 482 ff . 

Ferrochromium, anodic solution of, 

[ 261 ; production of, 484 ff. 

Fcrrocyanide, oxidation of, 261 
Ferromanganese, anodic solution of, 
260, production of, 483 ff. 
Ferronickel, 461 

Ferrosilicon, by-product in carbide, 
413; in fusing aluminum oxide, 
435 ; i)roduction of, 484 
P'ery, 328 
Feyer, 270 
Fibrox, 426 

Films, on anodes, 138 ff. ; cathodic 
behavior of, 142; composition 
of, 142 ; on cathodes, 153 
Fiouier, 378 
Finckh, 494 
Findlay, 104 
Fink, 175 
Firebrick, 392, 394 
Fireclay, 393 
Fire-sand, 389, 421, 425 
First National Copper Company, 
370 

Fischer, A., 171 
Fischer, F., 141, 138, 513 
Fischer, J., 119 

FitzGerald, 389, 398, 403, 421, 425, 
427, 431 

Floor space required for copper 
refining, 237 ; for electrolytic 
production of chlorine, 308 
Flow sheet, of Eustis process, 208; 
of purification of electrolyte, cop- 
per refining, 218 
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Fluoborate of lead, 192 
Fluorides, in nickel plating, 187 
Fluorine, deposition of, 146 
Fluosilicate, of lead, 250; of tin, 
256 

Fluosilicic acid, 192, 250, 255 
Fodor, 335, 337 
Fojjrssell, 133 

Fobrster, 116, 117, 118, 119, 121, 122, 
123, 125, 130, 131, 146, 150, 155, 
156, 157, 169, 174, 188, 189, 191, 
193, 203, 212, 243, 253, 254, 257, 
263, 265, 266, 269, 271, 276, 278, 
279, 280, 281, 284, 286, 288, 293, 
295, 298, m, 317, 364, 369, 490 
FOlsinq, 369 
Fontana, 268 
Foote, 60 

Forming agents, 349; plates in stor- 
age cells, 349, 361 
Fraenkel, 491, 508 
Frank, 490 
Franke, 199 
Franklin, 27 
Frary, 192, 193 
Frary metal, 448 
Fredenhagen, 144 
Free energy, decrease in, defined, 
89; relation to total energy, 332 
ff. 

Freeman, 491 

Freezing point depression, 16; and 
activity, 75 
Frenzel, 499 

Frequency, high: in electrolysis, 118; 
in induction furnaces, 385; in 
ozonizers, 513 ff. 
low : in induction furnaces, 382 
Freudenberg, 170 
Frexjndlich, 52, 63, 61, 119 
Frick, F.F., 204 i 
Frick furnace, 477 
Frick, O., 478 
Friedberoer, 263 
Friessner, 262, 260 
FrOucb, 428 
Fromm, 137, 203 
Frueh, 170 

Fuel heating, efficiency, 387, 485 
Fulton, 488 

Fume precipitation, 369 ff. 


Furman, 167 

Furnaces, arc, 376 ff. ; classification 
of, 374 ff. ; cylindrical, 395, 397; 
design of, 388 ff. ; efficiency of, 
386 ff. ; induction, iM) ff. ; rec- 
tangular, 395 ff. ; resistance, 
397; .spherical, 395 ; tube, 401 
electrodes, connections, 398, 402; 
economizer, 466 ; manufacture of, 
398 ff.; 429 ff. 
gases, 417, 441 
lal)oratory, 405 ff, 
leads, interlacing of, 404 
regulators, 404, 409 
Fused electrolytes, conductivity of, 
48 ff. ; electrode jwtcntials in, 
105 IT. ; electrolysis of, 438 ff. 
Fuwa, 191 

(lalena, rcaluction of, 270 
Gallium, extraction of, 212 
Galvanic cells, 62; alternating cur- 
rent, 145; chemical, 83; con- 
centration, 70; concentration, 
without transfemnce, 72; energy 
n'lations in, 64; reversible and 
irreversihh', 64 

Galvanometer, titration by, 162 ff. 
Galvanizing. See zinc plating. 
Galvanoplasty, 179, 194 
Gamster, bricks, 392 ; for ferrosilicon, 
484 

Garnet, reduction of, 484 
Gas, analysis, 149, 284 ff. ; perfect, 
activity of, 75 
Gas carbon, 405, 406 
Gas electrodes, 74, 91, 100 
Gbibei., 173 

Gebr. Siemens und f’o., 176 
GElLENKlUniEN, 404 
Geifekt, 440 

G.elatin, effect on electrode processes, 
117, 15.3, 251 

General Ele(TI<k' Company, 406, 
408, 409, 437, 449 

General Filtration Company, 177 
Genesee Chemical Company, 284 
Oerke, 86 

German silver, pickle for, 183 ; silver- 
plating on, 193 
Gerhthofen, Germany, 257 
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Ghosh, 3d 

Gibbs alkali-chlorine cell, 309 
Gibbs, Walcott, 167 
Gibbs-Helmholtz equation, 64 
Gibson, C. B., 484 
Gibson, G. E., 85, 86 
Gilchrist, 81 
Gillespie, 167 

Gillett, H. W., 424, 475, 479, 480 

Gillette, Helen C., 347 

Gillson, 428 

Girod, 471 

Girod furnace, 471 

Glaser, 291 

Glass, as an electrolyte, 27 ff. 

Glow discharge, 375 
Glue, as binder, 389; in copper re- 
fining, 214, 215, 217; in lead 
refining, 251; effect on metal 
deposits, 125; in tin refining, 
255 ; in zinc extraction, 204 
Gold, anodes, 194; anodic behavior, 
134, 139, 146, 242 ; complex ions 
of, 134; in extraction of, 205; 
fulminating, 193 ; hydrogen over- 
voltage at, 112, 113, oxygen, 128; 
impurity in electrometallurgy of 
other metals, 213, 220, 221, 222, 
223,255; plating, 193; refining, 
241 ff. 

Goldschmidt, 253 

Goldschmidt detinning process, 253; 

thermite process, 442 
Gold- und Silber-Scheide Anstalt, 
241 

Glucose, 391 
Goodson, 270 

Goodwin, 49, 72, 98, 105, 115, 220, 
391 

Gosrow, 463, 483, 484 
Gould Storage Battery Company, 
352 

Gow, 488 
Gowland, 207 
Graetz, 139 

Graphite, conductivity of, electrical 
and thermal, 400 ff. ; definition 
of, 427 ; deflocculated, 432 ; fur- 
naces for, 429 ff. ; historical, 373, 
427; powder, in electrotyping, 
194 ; theory of formation, 4^ ff. 


Graphite anodes, 173 ; in alkali- 
chlorine cells, 303, 306, 307, 308, 
312, 320; anode effect at, 438; 
in chlorate cells, 298; halogen 
overvoltage at, 147, oxygen, 129 ; 
in hypochlorite cells, 280, 297; 
in metal deposition, 194, 208, 
210, 229; partially graphitized, 
174 

cathodes, overvoltage at, 114 
intermediate electrodes, 297, 298 
furnace electrodes, 398; manufac- 
ture of, 429 
Graphitic oxide, 427 
Grasselli, Indiana, 252 
Grau, 376, 379 
Gravity cell, 327 

Grease, removal for plating, 181 ; 
in producing starting sheets, to 
prevent adhesion of deposits, 229, 
241, 247 

Great Falls, Montana, 202, 208, 

216, m 

Great Falls, South Carolina, 
505 

Greaves-Etchclls furnace, 474 
Greenwood, 424, 484 
Grenoble, France, 245 
Grey platinum, 173 
Griesheim-Elektron cell, 299 ff. 
Grindberg, 173, 281 
Griswold, 238 
Grog, 393 

Gronwall, 461, 472 
Grdnwall furnace, 473 ff. 

Grossmann, 181 

Grotthuss’ theory of conduction, 4; 
application to electrolytes having 
common ion with solvent, 34 
Grove cell, 326 

Grube, 12.5, 130, 212, 261, 294 

Guanidine, 493 

Guenther, 199, 203, 205, 256 

Gum arabic, 191 

Guthe, 142, 143 

Guye, 177 

Gtr, 284 

Gysinoe, Sweden, 475, 476, 477 

Haag cell, 449 
Haanel, 456, 460, 461 
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Haas^ttel cell, 295, 296 
Haas and Stahl, 295 
Haber, 102, 150, 173, 185, 194, 209, 
234, 281, 335, 336, 432, 440, 494, 
496, 497, 498, 500, 506 
Haeussermann, 313 
Haoemann, 502 
H^nsworth, 91 

Halides, electrolysis of, 275 ff. ; elec- 
trometric titration of mixtures of, 
163, 165 
Hall, 439 

Halogen ions, overvoltage of, 147 
Ham, 188 

Hambuechen, 143, 186, 245, 329 
Hamburg, Germany, 242 
Hammond, 186 
Hanley, 207 
Hansen, A. v., 266 
Hansen, C. A., 205, 401, 466 
Hantzsch, 5, 34 
Hare, 373 

Hargreaves-Bird cell, 301 ff. 

Haring, 185 
Harkins, 26 
Harper, 189 

Hartman, F. E., 513, 514, 517 
Hartmann, M. L., 82, 389 
Hasse, 248 
Havard, 392 

Heat, source of energy in concentra- 
tion cells, 83; specific, of re- 
fractories, 393 

Heating of cells, 215, 243, 254, 256, 
301, 302 

Heat loss, through furnace walls, 

395 ff. ; through composite walls, 

396 

Heimrod, 8, 134 
Helpenstein, 415, 418 
Helfenstein furnace, 418 
Helmholtz, 53, 64 
Hemelingen, Germany, 449 
Henderson, 81 

Hering, 181, 383, 384, 385, 396, 399, 
400, 401, 479, 480 
Hering furnace, 479 ff. 

Hennite cell, 292 
Herolo, 364 
Hf ROULT, 440, 460 
HiaoULT, Californu, 363 


H^roult furnace, for experimental 
reduction of iron ore, 461; for 
steel refining, 469 ff. 

Herrschel, 284 
Herschkowitsch, 136 
Herz, 269 
Hessberoer, 503 
Heydweiller, 44 
Hiers, 448 
Hig(3ins, 435 

High frequency currents, elwlrolysis, 
118; for inductive heating, 385; 
for ozone formation, 513; ten- 
sion arc, 375, .Wl ff. 

Hildebrand, 165, l(i6 

Hildebrand hydrogen electrode, 166 

Hinckley, 389 

Hirsch, 4.50 

Hittokf, 18, 25, 20, 145 

Hodson, 466 

Hobpfner, 205 

Hoepfncr process, for copper extrac- 
tion, 199; for zinc extraction, 
2a5 

IIOFER, 451 

Hoff, van’t, factor t, 16 
Hoff, van’t, 15, 494, 496 
Hofman, 222, 231, 237, 256 
Hogab(X)M, 188, 197 
Hohlfkld, 369 
Hoing, 122 

Holboun, 30, 161, 172 
Holland, 355 
Holweg, 497 

Horry carbide furnace, 415 
Horsch, 191, 220, 260 
Horse power, 524 

Hoskins, experimental resistance fur- 
I nace, 406 

Hoskins Manufacturing Company, 
406,409 
Howard, 283 
Howe, P. E., 137 
Howe, R. M., 391, 393, 394 
Howles, 498, 499 
Hoyle, 374, 376 
Huber, 499 
Hudson, 412 
Hughes, 124, 245 

Hutchins, 390, 412, 423, 425, 426, 
435 
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Hutton, 409, 439 
Hybinette process, 210 ff. 

Hydration of ions, 24 ff. ; 118 
Hydrazobenzol, 164 
Hydride formation, 115, 221 ; in theory 
of overvoltage, 116 
Hydrochinon, 160, 155 
Hydrochloric acid, effect on gold 
anodes, 146; electrometric titrar 
tion of, 146 

Hydrofluoric acid, effect on anode 
potentials, 263 

Hydrogen, carrier, 152, 153 ; cause of 
brittlene^ in pickled metals, 
181; in copper cathodes, 221; 
depolarization of, 326 ff. ; elec- 
trode, 86, 91, 99 ff., 165 ff.; by 
electrolysis of water, 321 ff.; 
evolution of. Ill, 149, 285, during 
storage cell charge, 341 ff., 366; 
in furnace gases, 417; as impu- 
rity in electrolytic chlorine, 314, 
320; uses for, 321 

Hydrogen ion concentration, control 
of, 169, 170, 203, 215, 238, 245, 
249, 251, 279 ; conventional scale 
of, 167; effect on stability of 
hypochlorite, 276; on metal 
deposition, 119, 123; on passiv-l 
ity, 145 I 

Hydrogen overvoltage, 111 ff. ; effect 
of alternating current on, 115, 
of prepare, 112; theory of, 116 
Hydrogen-oxygen cell, 103 ff. 
Hydrogen peroxide, 262 
Hydrophobic colloids, 57 
Hydrosulfite, 271 

Hydroxyl ion, concentration of, effect 
on electrolytic oxidation, 156; 
effect on passivity, 144; effect 
on stability of hypwchloritc, 276 ; 
equilibrium with oxygen ion, 92; 
reaction with high valence ions, 
145, 146 

Hypobromite, 276, 284 
Hypochlorites, anodic l>ehavior of, 
278 ff. ; cathodic reduction of, 
278 ; cells for, 292 ff . ; chemical 
formation of, 276 ; maximum 
concentration by electrolysis, 281 ; 
number of plants for, in Germany, 


292; stability of, 276; uses for, 
292 

Hypoiodite, 276, 284 
Hypophosphorous acid, 40 
Hyposulfite, 271 

ICOLB, 402 
Imhopp, 153, 279 

Indium, extraction of, 212 ; hydrogen 
overvoltage on, 112 
Inductance, with Wehnelt interrupter, 
143 

Induction furnaces, 380 ff. ; brass 
melting, 479 ff. ; ferromanganese 
melting, 476; steel refining, 
475 ff. 

Infra-red radiation, effect on potential 
of oxygen electrode, 92 
Infusorial earth, 299, 392 
Ingot furnaces, 415 
Ingots and ingot bars, 229, 230 
Innsbruck, Tyrol, 505 
Intermediate electrodes, defined, 13; 
in copper refining, 234 ; in hypo- 
chlorite cells, 2^ ff. ; in water 
electrolysis cells, 323 
International Committee op Elec- 
trical Units and Standards, 63 
International Oxygen Company, 
323 

International Oxygen Company’s cell, 
322, 323 

Iodide ion, discharge of, 147 
hxlides, electrometric titration of, 
164, 165 

Iodine, action on alkali, 276; on 
alcohol and acetone, 269 ; coulom- 
eter, 12; overvoltage of, 147; 
electrode, 151 
Iodoform, 268 

Ion, 3, 15 ff. ; activity of, 75, 76; 
complex, 134; conductances of, 
34; -constituent, 38; effect of 
concentration of, on protecting 
films, 142 ; in fus^ salts, 50, 105 ; 
gaseous, 375 ; hydration of, 24 ff., 
118; migration of, 33 ff., pref- 
erential discharge of, 26, 108, 
119, 121; validity of low con- 
centrations calculated from po- 
tential measurements, 102 
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Ionic concentration, 42 ff., 71 flF. 
Ionization, by impact, 375. (See 
also dissociation.) 

Iridium, alloy with platinum for 
anodes, 173; impurity in gold 
refining, 244; black, overvoltage 
on, 128 

Iron, anodes, 156, 175, 206; anodic 
behavior of, 133; catalyst, 507, 
510; cathodes, 175; cause of 
peeling in nickel deposits, 188; 
copper plating on, 189; electro- 
lytic, properties of, 209, purity 
of, 208, 246; embrittling of, 181; 
eirtraction of, 208, 453 ; hydrogen 
overvoltage on, 112, oxygen, 128; 
as impurity: in alundum fur- 
nace, 435, in dry cells, 329, in 
electrometallurgy of other metals, 
198, 203, 207, 210, 211, 219, 220, 
221, 223, 248, 249, 254, in nickel 
plating, 187; nickel plating on, 
188; ore, leaching of, 208 ; pickle 
for, 183; plating, 194; refining 
of, 245 ff. ; synthetic cast, 463; 
zinc plating on, 190 
Iron hydroxide, colloidal, 304 
Iron-nickel storage cell, 355 
Iron oxide, effect on hypochlorite 
solution, 276 

Iron ores, electrothermic smelting of, 
466 

Irreversible cells, 64 
ISOARISCHBW, 117 
Iso-electric point, 95 
Isohydric solutions, rule of, 47 
Isothermal process, 67 ff. 

Jackson, 258 
Jacobi, M. H., 179, 194 
Jacobs, 435 
Jacobsen, 139, 194 
Jacoby, H., 490 
Jacques, 335 
Jacques cell, 335 ff. 

Jaeger, 49 
Jarn, 66 

Jblunek, 271, 494, 495 
Johnson, 34 
Jones, C. H., 515 
Jones, G., 82 


j JoosT, 174 
I JoRRE, 276, 286, 288 
i JouARD, 448, 449 
Joule, 524 
Joy, 112 
[ JUBERT, 338 
JuMAU, 367 
JUN(tKLKIHrH, 212 
JuN(}NEH, 364 

Kalmus, 189 
Kampa, 49 
Kanolt, 44, 393 
Kaolin, 392 
IvARAOtiLANOFF, 150 
Kataiama, 497 
Kaufleh, 51, 115, 452 
Keeney, 442, 456, 46:1, 488 
Keir, 143 

Keller, C. A., 460, 463, 467, 468 
Keller, E. A., 161 
Keller smelting furnace, 459 ff. ; steel 
refining furnaei*, 467 ; synthetic 
east iron process, 463 
Kellner hyiMiehlorili* cell, earlier form, 
292 ff. ; later form, 293, 295 
KEMnoN, 511 
Kendall, 42 

KENNErr, California, 207 
Keokuk, Iowa, 448 
Kern, 186, 220, 238, 240, 241, 253, 
255 

Kerowme, 303, 304 

Kerhhaw. 210, 308, 310, 320, 449, 457 

Kieselguhr, 392 

Kiliani, 203, 222 

Kilowatt, .524 

Kirfhneu, 296 

Kihtiakowhky, 145, 146 

Kistiakowsky coulomcter, 12 

Kjellin, 475, 478 

Kjellin furnace, 475 ff. 

Klein, 1.37 

Klein’s iron plating solution, 194 
Kixinowhki, 2.58 
Knibbs, 282 

Knobel, 112, 115, 1.30, 148, 338 
Knox, 511 
Kik han, 92 
Koenig, 496, 497 
Koiilkauhch, 30, .33, 161, 172 
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Kohlrausch’a law of the independent 
migration of ions, 33 
Kohlschutter, 124, 126 
Kopp, 154 
Kranbndieck, 409 
Kraus, 1, 23, 31, 33, 34, 44, 48, 50 
Krejci, 267 
Krbmann, 137 
Kretzschmar, 284 
Kristianssand, Norway, 504 
Kuessner, 145, 146 
Kuobloen, von, 447, 448 
Kurze, 449 

Laist, 204 

Lalande cell, 327, 331 
Lampblack, 388, 508 
Lampen, 412, 424 
Landis, 491, 493 

Langbbin, 183, 186, 188, 191, 193, 197 
Lanqbein-Ppanhauser Works, 245 
Lanodon, 181 
Langmuir, 69, 377, 395 
La Praz, Savoy, 469 
Lauschkb, 393 
Laval, de, 486 
Laval, de, furnace, 486 
Law, hypothesis, principle, or rule of : 
Coehn, of sign of charge on 
heterogeneous substances, 55 ; di- 
lution, 42; Faraday, 5; Kohl- 
rausch, 33 ; of isohydric solutions, 
47; Le Chatelior, 41, 340; mass 
action, 106, 378; of mobile 
equilibrium, 41 ; Poiscuille, 55 ; 
second, of thermodynamics, 65; 
solubility product, 45 ; third, of I 
thermodynamics, 83 ff. ; Thom- 
son-Nernst, of dissociating power | 
and dielectric constant, 17 ; Wie- ^ 
demann, of electro-osmosis, 52 
Lawrence, 381 
Lax, 28 

Leaching, copper ore, 200; zinc ore, 
203 

Lead, anodes, insoluble, 175, 199, 204 ; 
anodic behavior of, 117, 138, 139; 
cathodes, 152, 206; hydrogen 
overvoltage on, 113, oxygen, 
128; impurity in electrometal- 
lurgy of other metals, 198, 220, 


221, 222, 223, 244, 248, 249, 
254,255; plating, 192; refining, 
250 ff. 

Lead chromate, production of, 267 
Lead dioxide, anions, 339, 343; an- 
odes, 175, 207; electrode poten- 
tial of, 130; production of, 267 ff. 
Lead fluoborate, 192 ; fluosilicate, 19)2, 
250; persulfate, 138 
Lebedepf, 4.39 

Lb Blanc, 106, 107, 110, 118, 139, 
145, 146, 148, 150, 154, 177, 257, 
267, 291, 316, 339, 379, 491, 495 
Le Ch atelier, 391 
Le Chatelier's principle, 41, 340 
Leclanch(5 cell, 327, 331 
Ledinuham, 11 

Leeds and Northrup Company, 167, 
172 

Leith AUSER, 495 
Leo, 258 
Le Sueur cell, 311 
Levi, 145, 262 

Lewis, G. N., 24, 37, 45, 74, 75, 83, 
85, 86, 89, 99, 100, 104, 512 
Lewis, W. C. McC., 98 
Liebenow, 339 
Liebig, 448 
Liebmann, 155 

Lime, in carbide manufacture, 412 
Limestone, for carbide, 414; for ab- 
sorbing nitric dioxide, 502 
Lincoln, 137 
Lindblad, 461 
Lionitc, 390, 434 
Lipinski, 378 
Lippmann, 95 ff. 

Liquid-liquid junction potential differ- 
ences, 81 ff. 

Litharge, manufacture of, 270; in 
manufacture of storage cell plates, 
349 

Lithium hydrate in Edison storage 
cell, 355 

Livet, France, 459 

Local action, 328, 335, 348 

Locke, 269 

Lodoe, 369 

Loeb, 60, 61 

Lop, 502 

Lombard, 491 
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Lorenz, 27, 34, 51, 74, 100, 146, 260, 
443, 449, 452 
Lottmoser, 257 
Lovering, 183, 187 
Low frequency currents, for inductive 
heating, 382 

Low tension arc, 375; temiK'rature 
of, 376 
Luckow, 167 

Luckow process, 139, 267, 349 
Ludlum furnace, 471 
Luther, 93, 99, 152 
Lyndon, 367 
Lyon, 456, 488 
Lyophobic colloids, 57 

MacArthur-Forrcst process, 205 

MacInnes, 36, 72, 76, 82, 91, 338 

Mack, 2&I 

Maddock, 8 

Madsden, 211 

Madsden process, 211 

Magqalium, 442 

Magnesia, bricks, 391 ff. ; fused, 391 ; 
impurity in limestone for car- 
bide, 415 

Magnesium, cathodes, 153; elec- 
trolytic production of, 448 ff ; 
impurity in electrolysis, 29t); 
protecting film on, 139, 142; 
uses for, 450 

Magnesium Company, Wolveu- 
hampton, England, 450 
Magnesium Gesellschaet, 449 
Magnesium oxide, fused, 435 ; chloride 
as binder, 406 ; sulfate, 219, 349 
Magnesite, 466 

Magnetite anodes, 175, 201, 283, 289, 
301; chlorine overvoltage on, 
301, oxygen, 283; ore, smelting 
of, 461 

Magnus, 234 
Mahlman, 181 
Maier, 212, 268 
Mailey, 49, 391 
Malfitano, 60 
Malm process, 451 
Manchester plate, 352 
Manganate, electrolytic oxidation of, 
258 ff . ; as oxygen carrier, 336 
Manganese, anodic behavior of, 146; 


cathodic deposition of, 211 ; elec- 
trode jxitentials of, 87; cUh'- 
trolytic, purity of, 212; impurity 
in electrometallurgy of other 
metals, 203, 223, 246 ; ore, 
smelting of, 483 

Manganest’ dioxide, anodes, 175; 

anodic formation of, 268 
Manganese ions, iiotentials involving, 
87 

Manning, 510 
Mantell, 397 
Marches!' jirocess, 198 
Margules, 146 
Marie, 31 
Marsh, 306 
Marsh c.‘ll, 306 ff. 

Martin, 50 
Marum, van, 512 
Maryville, Tennessee, 442 
M.vssaciigsetts Institute of Tbch- 
NOl/lGY, 440 

Mass-action law, in electrolytes, 42 If. ; 
in fused salts, KXi; in gast‘8 with 
electric discharge, 378 
Massenkz. 513 
Myhsina, New York, 441 
Mastic concrete, 178; asphalt, 200 
M \T'niiEssKN, 448 
Maurer, New Jersey, 255 
Maxteu, 500 
Maxwell, 79 
M('Bai\, 56, 58 
M<(V)y, 17 
MuDaniel, 274 
MuDougall, 498, 499 
M('Dowell, 391 
McKee, 258 
McLkoo, 394 
McMahon, 216, 39*4 
McMillan, 256 

ME(’HANieSVILLE, NeW YoRK, 302 
Meikle, 395 
Mejdell, 317 
Melw)n I.nstitute, 513 
Melting points of refractories, 393 
Mennicke, 253, 256 
Mercbrshcrg, Germany, 507 
Mercury, ancxlic Ix'havior of, 133; 
cathode, 151, 152, 168; cathodic 
behavior of, 117; in Edison 
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Mercury — Continued 

storage cell, 356, 360, 366; elcc* 
troanalysis of, 168; hydrogen 
overvoltage on, 112, 114. (See 
also amalgams.) 

Metals, anodic solution of, 131 ff. ; 
cathodic deposition of, 117 ff.; 
compounds, anodic behavior of, 
136 ; depolarization of, 120, 122 ; 
deposition with hydrogen evolu- 
tion, 121 ; deposits, form of, 
123 ff.; polarization of, 123; 
strains in electrodeposited, 126 
Meves, 269 
Meyer, 389 

Mho, electrical, 29 ; thermal, 396 
Migration of ions, 18 ff. 

Millard, 25 
Miller, 267 
Milner, 36 

Minas Prietas, Mexico, 206, 207 
Mitchell, 306 

Mixtures of two salts, analysis of, by 
conductivity, 162 

Mobile equilibrium, principle of, 41 
Moissan, 373, 419, 427, 451, 490 
Molal, defined, 69 
Moldenke, 451 
Molybdenum, 150, 507 
Monkton, 456 
Mono-chlor acetic acid, 43 
Mononoahela City, Pennsylvania, 
419, 421 

Monterey, Mexico, 239 
Moore, 474 
Morse, 139, 351, 367 
Moser, 336 
Motor effect, 385 

Mueller, E., 130, 131, 151, 153, 156, 
175, 258, 263, 264, 269, 278, 279, 
280, 284, 409 
Mueller, W . J., 139 
Mullinix, 258 

Multiple connection for electrodes, 13; 
system, 210, 224 

Muscle Shoals, Alabama, 492, 493 
Muthmann, 451 
Mylius, 137, 203 

Nabf, 126, 253 
Nahnben, 203 


Natalite, 434 

National Carbon Company, Inc., 
397,402 

National Cash Register Company, 
181, 182 

Nature of salt, effect on metal deposits, 
124 

Naumann, 152 

Nelson, British Columbia, 487 
Nelson ceU, 307 ff. 

Nernst, 66, 83, 332, 494, 496, 497 
Neumann, 207, 256, 456 
Neutralization, heat of, 45 
Newbury, 116 
Newcastle-upon-Tyne, 252 
Niagara Alkali Company, 313 
Niagara Falls, 270, 387, 421, 442, 
445, 448, 493, 499 

Nichols Copper Company, 214, 234, 
236 

Nicholson, 10 
Nichrome, 409 

Nickel, anodes, insoluble, 175, 323; 
soluble, corrosion of, 188; anodic 
and cathodic polarization, 131; 
black plating, 188; electroanaly- 
sis of, 169 ff. ; electrode potential 
of, 87, 131 ; electrolytic extraction 
of, 209 ff., electrothermic, 488; 
electrolytic, purity of, 210, 211; 
hydrogen overvoltage on, 112, 
oxygen, 128 ; impurity in electro- 
metallurgy of other metals, 217, 
219, 220, 221, 223, 248, 251; 
passivity of, 144 ; plating, 186 ff. ; 
refining of, 250 

Nickel hydroxide, 359 ff. ; oxide, effect 
on hypochlorite solution, 276; 
peroxide, 364 
Niswonoer, 297 
Nitrate ions, 144 

Nitrates, from air, 493 ff. ; electrolytic 
reduction of, 151; in silver re- 
fining, 238 

Nitric acid, as depolarizer, 326 
Nitrite, 502 

Nitrobenzene, reduction of, 154, 
272 ff., 274 

Nitrobenzol. See nitrobenzene* 
Nitrogen fixation, 489 ff. 
Nitrosobenzene, 154, 272 
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“Noble," meaning of, 89 
Nodules on electrodeposited copper, 
214, 233 

Nonpareil bricks, 392 
Norddeutbche Affinerie, 241 
Norden, 12 
Normal electrode, 100 
•Northrup, 383, 385, 388, 480 
Norton, 378, 489, 511 
Norton Company, 391, 393, 394, 409, 
422, 436 

Notodden, Norway, 501 
Noyes, A. A., 22, 26, 33, 34, 36, 38, 
39, 41, 43. 44, 45, 46, 75, 76, 89, 
102 

Noyes, W. A., Jr., 31 
Nucleus formation in metal deposition, 
124 

Nuebling, 133, 138 
N6ranen, 379, 495 
Nussbaum, 294, 320 

Oechsli, 281 
Oersted, 439 

Oesterubichischer Verein fub 

CHEMISCHB UNI) METALLURGISCIIE 

Produktion, 313 
Obttel, 10, 285, 448, 449 
Ohm, thermal, 396 
OoQ, 133 

O’Harra, 485, 488 
Oildag, 432 

Omaha, Nebraska, 252 
Oppau, Germany, 506, 507 
Ordway, 329 

Organic acids, electrolytic oxidat ion 
of, 156 

Organic compounds, from acetylene, 
412; oxidation of, 155, 268 ff.; 
reduction of, 271 ff. 

Osaka, 127 

OSANN, 464 

Oscillograph, 110, 154 

Osmium, impurity in gold refining, 244 

Osmotic pressure, 15 

Osterheld, 409 

OsTWALD, W., 42, 83, 145, 335, 493 
Ostwald’s dilution law, 42 
Ostwald, Wolfgang, 61 
Ott, 160 

Otto osonizer, 516 


Overvoltage, halogen, 147 
hydrogen, lllff. ; energy' of, con- 
verted to heat, 115; maximum, 
due to colloid, 117; effect of, on 
cathodic reduction, 150; impor- 
tance of, for lead storage cells, 
340 

of metal de|)osition, 117 ff. 
oxygen, 128 IT. ; effect of, on anodic 
oxidation, 156 
Oxalic acid, 169 
Oxford (Copper Company, 250 
Oxford Paper Company, 320 
0.xida(ion. Se<‘ dcctrolytic oxula- 
twn. 

Oxygen, anodic evolution of, 127 ff.; 
carrier, 268 ; !i.s cathode depolar- 
izer, 328, 335 ; combination with 
nitrogen in arc, 493 ff. ; electrode, 
92, 104, 167, ;j:i5; by electrolysis 
of water, 321 ff. ; evolution in 
storage c(‘ll charge, 343, 364, 366 ; 
protecting film of, 140, 142, 143 
Oxygen cells, 321 ff. 

Oxygen overvoltagi*, 128, 129; effect 
on electrolytic oxidation, 156 
Ozokerite, 194 

Ozone, 11, 146, 378; production of, 
512 ff. 

Ozonizers, 515 ff. 


I^illadium, anodes, 263; as impurity 
in electrolytic refining, 221, 244; 
hydrogen overvoltage on, 112, 
oxygen, 128; plated on gold, as 
hydrogen electrode, 166 


maer, 98 

er-lined dry cell, 330 

i-amidophenol, 272 

[ibohc mirrors, 197 

[ifine oil, 256 

KER, K., 31, 72, 82 

:ker, L. n., 489, 490, 493, 606, 611 

kcis profits, 247 

itinoton. 489, 490, 493, 505, 511 

( HEN, 97 , • 1 

sivity, chemical, 143; mechanical, 
i:i8 IT. ; effect of alternating cur- 
rent on, 244 , 

ted plates, 349 
rrENHAUsEN, 364 
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Patterson, 304 
Pauli, 284 
Pauling furnace, 605 
Paulino, H. and G., 605 
Peat, drying of, 368 
Peeling, of nickel deposits, 188 
Pennsylvania Salt Manufacturing 
Company, 310 
Penn Yan, New York, 432 
Perbromates, 284 
Percarbonates, 266 
Perchlorates, 282 ff. ; cells for, 299 
Perchloric acid, 283 fT. 

Perin, 208 
Periodates, 284 
Periodic phenomena, 143, 145 
Perkin, 268 

Permanganates, from manganato, 
258 ff. ; from ferromanganese 
anodes, 260 ff. 

Perrin, 52, 55 
Persulfates, 262 ff. 

Persulfuric acid, 155, 264 ff. 

Pbtavel, 409, 439 

Petroleum coke, 398, 424, 428, 441, 508 
Pfanhauser, 179, 181, 189, 190, 195, 
196, 197 
Phase nile, 411 
Phenylhydroxylamine, 272 
Phonograph records, 179 
Phosphate, 434; metaphosphatc, 434 
Phosphine, 413 
Phosphoric acid, 40, 142 
Phosphorus, 373 ; impurity in calcium 
carbide, 413 ; in electrolytic iron, 
246; in limestone, 414; manu- 
facture of, 433 ff. ; removal from 
steel, 465 ff. 

Photochemical action, 377 
Physical condition of cathode deposits, 
123 ff. 

Piano d’Orta, Italy, 493 
Pickle, 183 
Pierson, 53 

Pig iron, production of, 458, 461 ff. ; 

refining, 464 ff. 

PlGUBT, 130 

Pinch effect, 383 ff. ; 479 
PiNCi^ON, 456 
PiRANI, 28 
Pitch, 397 


Pittsburgh, Pennsylvania, 321 
Planck, 81 
Plant6, 338 
Plants plates, 348 

Platinum, heating clement, in electric 
furnaoes, 409; impurity in elec- 
trometallurgy of other metals, 
213, 221, 222, 244 ; in lead storage • 
cells, 347 ; black, effect on hypo- 
chlorites, 276 

Platinum anodes, black, 173, 263, 276, 
278 ; halogen overvoltage on, 147, 
oxygen, 128, 129 
gray, 173 

-iridium, 173, 263, 283, 292, 294, 299 
smooth, 130, 173, 256, 263, 269, 272, 
278, 283, 292, 294, 316 ; corrosion 
of, 146 ; halogen overvoltages on, 
147, oxygen, 128 

Platinum cathodes, black, 130 ; over- 
voltage on, 112, 113; saving of 
voltage on, 173 
gray, 173 

smooth, 112, 113, 152 
PODHZITS, 389 
PoUGENDORFF, 62 
Poggendorff cell, 327 
Polarization, 107 ff. ; chemical, 109 ff. ; 
concentration, 108 ; due to films, 
139 ff. ; of metal deposition, 
116 ff.; effect on form of metal 
deposits, 126; in metal refining, 
239, 252 ; in electroplating, 185 ; 
on reversible organic reactions, 
155 ; of electrode reactions involv- 
ing change in charge on ions, 150, 
155, 253 ; in primary cells, 326 ff. ; 
in storage cells, 242, 244, 360 
Pole, 326 ; plates, 479 
Polianite, 329 
PoLLAK, 138, 349 
POLZENIUS, 490 
PopoFF, 258 

Porosity of carbon and graphite, 174 ; 

of diaphragms, 177 
Portland, Maine, 306 
Potassium, 443 

Potassium chlorate, electrolytic, pro- 
duction of, 276 ; oxidation of, to 
1 perchlorate, 281 
1 Potiissium chloride, 81, 162, 164 
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Potassium ferricyanide, 261; ferro- 
cyanide, 261 

Potassium hydrate, in Edison storage 
cell, 355, 362 ; electrolysis of 
ferromanganese anodes in, 260; 
electrolytic production of, 286, 
299 ff. ; fused, electrolysis of. 
. 443 ff . 

Potassium nitrate, reduction of, 151 
152 

Potential catalyzers, 94 
Potential difference, normal, electro- 
lytic, or molal, 86; of metals 
against fused electrolytes, 105, 
against solutions, 68; at liquid- 
liquid junctions, 80 ff.; scales, 
94 ; single, 86 

Potentiometer, 63 i 

PousH, 397 

Power, cost, 387 ff. ; factor, 381 ff. 
Prausnitz, 281, 368 
Pressure, effect on (‘lectrical conduct- 
ance, 40; on gas electrodes, 74, 
91 ; on hydrogen ovcrvoltagi*, 
112; on nitrogen absorption by 
carbide, 491 
Priestley, 493 
Primary cells, 326 ff. 

Prino, 488 
Promoters, 507 
Propulsive cathode, 310 
Prussian blue, 206 

PUKALL, 177 { 

Pukall ware, 8, 177 
Pulsating current, 244 
Purification of electrolyte, 200, 203, 
217 ff. ; 239, 246, 247, 248, 249, 
250, 254, 255 

Purity of electrolytic copper, 220, 221 ; 
iron, 245, 246; lead, 252; man- 
ganese, 212; nickel, 210, 211; 
tin, 254, 256; zinc, 205, 248 
PUSCHIN, 137 
Pyne, 219 
Pyrolusite, 329 
Pyrophosphoric acid, 169 
Pyrrhotite, 208, 461 

Quartz, 391 ; inversion point of, 392 ; 
fuid, 435, 437 ff. ; impurity in 
clay, 368 I 


Quartzite, 484 
Quicking bath, 192 
Quincke, 52, 55 

Ralston, 178, 203, 249 
Ramsbottom, 258 

Randall, 33, 37, 45, 69, 47, 75 99 
100, 512 ' ’ 

Raritan Copper Work.s, 214, 220 
Rathknau, 446 
Ratio of transformation, 382 
Raven, 484 
Rayleioh, Lord, 498 
Ray mine, l‘)9 
Reactance, 382 
Read, .508 
Readme, 434 

Readman-Purkcr furnace, 434 
Rectangular furnaces, 395 IT. 
Rectifying action, 140; film, composi- 
tion of, M2; theory of, 142; in 
fu8(“d salts, 143 
R(‘d lead, 349 

Reduction. 8(Ki dcdrolyiic reduction. 
Reed, 181 
Reeve, 192 

Refining, pig iron, 264 ff. (S(m? also 
(’h( iiolylic refining.) 

Refract (»ric8, projxTties of, 393, 394 
Reichenstkin, 119 
Reichert, 162 
REIKENEliOKH, 257 
Reitlinoer, 130 
Renncrfclt furnace, 472 
Residual current, 108, 148 
Resin, 224, 234 

Ih'sistancc, electrical : of electrolytes, 
26 ff.; of diaphragms, 177; of 
refractory brick, 394; of SiJder- 
berg ek'ctrmle, 399; thermal: of 
furnace walla, 395 ff. ; of refrac- 
tory bricks, 395 
Resistor, 374 

Retort carixjn, hydragen overvoltage 
on, 112 
Reusk, 125 

Reversibility of electrode prooeases, 
107 ff. ; of storage cells, 343, 366 
Hevi^rsible cell, 64 
Riwersihle process, 64 ff. ; 66 ff,* 
Rhoads, 475 
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Rhodium, overvoltage on, 128 
Richards, J. W., 247, 316, 398, 415, 
432, 461, 499, 508 

Richards, J. W., 8, 45, 70, 134, 212 

Richardson, 220, 304 

Richarz, 11 

Richter, 433 

Ridbal, 369, 515, 517 

Riedel, 188 

Rixon, 126 

Robbrts-Austen, 194 

Robertson, 474 

ROchling-Rodenhauser furnace, 478 ff. 
Rodbnhauseu, 380, 405, 463, 464, 
471, 478. 488 
Rome, Italy, 457 
Rosa, 7 

Roscob, 427, 445, 514 
Rossi, 505 
Rossinq, 248 
Rostosky, 302 

Rotating electrodes, 120, 125, 196, 207 

Rothb, 490 

Rothmund, 97 

Roush, 269, 270 

Rowe, 45 

Rowland, 138 

Royal Ontario Nickel Commission, 

210 

Ruer, 146 
Rupp, 393, 409 
Rumpord, Maine, 320 
Russ, F., 376, 379 
Russ, R,, 160, 151 

Sackur, 106 
Salom, 270 

Salom Battery Company, 351 
Salom process, 270 
Salomon, 162 

Salpbrsaure-I ndustri e-G esell- 
SCHAFT, 505 
Salt spray test, 191 
Saltvillb, Virginia, 511 
Sandblast, 181, 192 
San Sebastian, Salvador, 207 
Salzer, 212 
Sargent, G. J., 194 
Sargent, L. W., 83 
SAUBkWALD, 121, 122 
Sault St. Marie, Ontario, 210 


Saunders, 390, 391, 424 
Savbll, 189 
Sawdust, 184 
Saxen, ^ 

Scheele, 427 
Schick, 118 
SCHILDBACH, 117 
Schleicher, 139 
Schlesinoer, 258 

Schonherr-Hesslierger furnace, 503 ff. 
Schlatter, 189, 190, 197 
Schmidt, Fr., 153 
Schneider, 274 
SCHOCH, 131 

Schoenawa, 380, 405, 463, 464, 471, 
488 

Schoenherr, 0., 263, 264 

Sch5nbbin, 11, 143 

SchOnherr, 503 

Schorlemmer, 427, 445, 514 

Schuckert hypochlorite cell, 294, 295 

Schulze, 140, 141, 142 

ScHUTz, 258 

Schutzenberger, 419 

Schweitzer, 117, 132 

Schwerin, Count, 368 

Scott connection, 472 

SCUDDER, 51 

Sebastian, 99 

S(;edc regulator, 405 

Selenium, 220, 221, 222, 223, 251 

Self-discharge in storage cells, 346, 362 

Sblioman, 441 

Sem, 399 

S<.*mi-permeable membrane, 15, 143 
Sbnn, 251 

Serpek process, 489, 508 ff. 

Seward, 447, 448 
Seward-von KUgelgen cell, 447 
Shade, 169 

Shaft furnaces, 462, 463 ^ 

Shape factor, 395 
Shaw, 17 

Shawinbgan Falls, Quebec, 388, 
442 

Sheffield, Alabama, 508 
Sherardizing, 190 
Sherrill, 43, 46, 89 
Shoeld, 405 
Shuck, 40:j 

Shunt current losses, 235 
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Siemens, A., 123 
Siemens, Sir W., 373, 456 
Siemens, W., 179 
Siemens and Halske, 175, 294 
Siemens and Halske process, for cop- 
per, 199; for gold, 205, 206; 
ozonizer, 515 

Siemens-Martin process, 455 
SiBVEBTS, 123 
Silbermann, 153 
Silent discharge, 376 
Silica, 391 ; bricks, 392 flf. ; in dia- 
phragm, 178; fused, 435; im- 
purity in electrometallurgy, 198, 
221 ; in limestone for carbide, 
414 ff. ; reduction by carbon, 426 
Silicon, electrothermic production of, 
426 ff. ; impurity in alundum 
furnace, 435 ; in electrometal- 
lurgy, 246 ; in nickel plating, 187 
Silicon carbide. St‘c carborundum. 
Silicon oxycarbides, 425 
Sil-o-cel bricks, 392 
Silox, 426 
Siloxicon, 425 
Silundum, 425 

Silver, anodes, 238 ff. ; anodic Ix*- 
havior, 134 ; cathodes, 238 ff ; 
coulometcr, 7 ; electroanalysis of, 
168 ; electrode, potemtial of, 87 ; 
electrodes, in titration, Kxl; as 
impurity in elect rometallurgv of 
other metals, 198, 213, 220, 221, 
222, 223, 244, 248, 255; over- 
voltage of de|X)8ition of, 116, of 
hydrogen on, 42, oxygen, 12H, 
129; plating, 185; refining, 
237 ff. 

Silver ions, 134 

Silver nitrate, titration of, 162 
SiMpJhws, 448 
Sitka, 189 

Slags, in refining steel, 464 
Slate cells, 178 
Slattery, 188, 195 
Smee, 124 
Smee cell, 326 
Smith, D. F,, 88 
Smith, E. A. C., 178, 202 
Smith, E. F., 1^, 171 
Smoke producer, 390 


Snyder, 487 
Soapstone cells, 178 
Soc’i6t6 des Cdivrbs de France, 
196 


Soci^T^ Le F er, 245 
Soci6t6 pour i/Induhtrib Chimiqub 
A Hale, 310 
SOderbeuo, 399 
Sdderberg electrode, 398 ff. 

Sodium amalgam, 120, 314 ff. ; elec- 
trode poU'ntial of, 121; ion 
dejxxsition from aqueous solu- 
tions, 119 

Sodium acetate, 248 ; carlwnatc, 260 ; 
chlorate, manufactim* of, 298, 
oxidation of, 21H); chromate, 153, 
261, 263, 265, 279, 298; cyanide, 
189, 190, 191, 192, 194, 205, 445, 
510; fluoride, 187; hydrosulfite, 
271 ; hypochlorite, 276 ff. ; man- 
ganate, 259; nitrate, 502; ni- 
trite, 502; ptTcarbonate, 266; 
perchlorate, 282 ff.; sulfide, 256; 
sulfate, 21<1 

Sodium carlMinate production, 302 
Sodium chloride, effect of, in copper 
deposition, 215, 221; electrolysis 
of, 275 ff. 

Sodium gold cyanide, and potassium 
gold cyanide, 139 

Sodium hydrate, for alisorbing nitric 
dioxide, .502 ; cells for, W ff- ; 
in EdiM>n-l..idande cell, 331 ; in 
del inning, 251; for electrolysis 

of ferromanganese anodes, 260; 
fused, electrolysis of, 443 ff. 

.Soil analysis, l(i7 
.S)lid solutions, 259, 491 
.SoLLEU, l!i0, 258 

.Solubility product law, 45 
.Solubility, determination of, 162 
.SoLVA^ and (’OMPANY, 316 
.Solvay cell, 315 
.SoHMAN, 98, .390 
SoiTTH Chk'aim), Illinois, 469 

.Sr>UTHKRN KLErTKO( HEMlUALCO.,606 

Sparhboro, Norway, 486 

.Si)ecific conductance. See conduce 


imty. . 0 

Specific gravity, of refractories, ^3; 
of the 85derberg electrode, 899 
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Specific heat of refractories, 393 
Speed, 246 
Speketer, 175 
Spelter, classification, 249 
Spherical electric furnaces, 395 
Spinel, 391 ; bricks, 391 
Spitzer, 121, 131 
Springfield, 258, 259 
Sproesser, 281 
StAlhanb, 461 

Standard cells, 63 ff. ; electrodes, 
100 

Stannic and stannous ions, electrode 
potential involving, 88 
Stansfield, 386, 394, 410, 488 
Starch, 153 
Starke, 514 

Starting sheets, 201, 210, 213, 228 
Stassano, 457, 466 
Stassano furnace, 457 ff. 

Stassfurt, Germany, 448 
Steel refining, elcctrothermic, 464 ff. ; 
advantage.'! of, 464; furnaces 
for, 466 ff. ; mechanism of, 464 ; 
results of, graphed, 465, tabu- 
lated, 469 
Steele, 23 
Steiner, 256, 2[)0 
Steinmetz, 377 
Stolbero, 198 

Storage cell, Edison, 355 ff. ; ampere- 
hour capacity, 361 ; capacity of, 
360, 366 ; cells for high discharge 
rates, 358 ; charge of normal rate, 
360 ; container for, 359, 361 ; 
current density in, 366; current 
efficiency of, 367 ; discharge, 
[wtentials of, at various rates. 
361 ; electrolyte for, 362, 366, 
367; energy efficiency of, 367; 
forming of, 361; historical, 356; 
iron electrode of, 356, 360, 365; 
materials of construction of, 355 ; 
mercury in iron plate, 366 ; nickel 
electrode ; 357 ff. ; 363 ff . ; nickel 
foil, 361 ; nickel hydrate, 359 ; 
number of plates in, 358; reac- 
tions of, 366; reversibility of, 
366, 367 ; self-discharge of, 362 ; 
tfciperature, 362 ; treatment 
after standing, 362 ; uses for, 355 


Storage ceU, lead, 338 ff.; “Box’' 
negative, 351; charge and dis- 
charge of, 341 ff. ; chloride nega- 
tive, 351 ; current capacity of, 
344 ff. ; current density in, 341 ; 
current efficiency of, 345; diffu- 
sion in, 342; e. m. f. and acid 
density of, 339, and temperature' 
of, 340; energy loss in, 341, 343, 
346; Gould ceU, 352 ff. ; Exide 
plate, 355; “iron clad” positive, 
351 ; life of, 354 ff. ; local action 
in, 347, 348 ; “ Manchester” posi- 
tive, 352; overvoltage and im- 
purities in, 346 ff. ; pasted plates 
for, 349 ff. ; Plants plates, 348 
I ff. ; porosity, agent for, 349; 

I porosity of plates of, 344; reac- 

tions in, 338 ff. ; resistance of, 
345 ; reversibility of, 343 ff. ; 
self-discharge of, 346 ff., 362; 
separators for, 352; shedding 
of plates in, 351 ; sulfating of, 
347 ff. ; Tudor plate, 353, 355; 
us^^s for, 353 

Stoughton, 209, 245, 454, 466 

Strachan, 274 

Strains in metal deposits, 126 

Stratification, copper refining, 216 

Striking bath, 185, 192 

Stuart, 26 

Styri, 479 

Styria, Austria, 391 
Subcarl)ide, of calcium, 412, 491 ; of 
silicon, 176 

Succinimid, reduction of, 152 
Sugar, analysis of impurities in, 162; 
corn sugar, 191 ; migration of, 
59 

Sulfate ion, 78 

Sulfates, impurity in electrolysis, 299, 
448 

Sulfating in storage cell, 347 ff. 
Sulfo-salts, 169 

Sulfur, impurity in electrometallurgy, 
198, 211, 220, 221, 246; in lime- 
stone for carbide, 415; in steel, 
464 

Sulfuric acid, in gold refining, 243; 
oxidation to persulfuric acid, 
262 ff. 
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Sullivan, 267, 394 
Suspensoids, 67 
Sutherland, 36 
Swan, 196, 515 
SWENSSON, 130 
Swift, 88 

Swinburne- Ashcroft process, 451 
Synthetic cast iron, 463 
SZIBMAY, 190 

Tapel, 13, 152, 271 
Tainton, 205 
Talbot, 389 
Tammann, 40 
Tanning, electric, 369 
Tantalum, 140 
Tapping furnaces, 415 
Tar, 391, 392, 397 
Tardy, 177 
Tarnowitz, 248 
Tartaric acid, 169 
Taussig, 314, 387 
Taylor, E. R., 342 
Taylor, F. D., 220 
Teeple, 269 

Tellurium, impurity in electrometal- 
lurgy of other metals, 220, 221, 
222, 223, 251 

Temperature, effect on : aluminum 
nitride formation, 508; am- 
monia equilibrium, 506; Bucher 
process reaction, 510; cathoda’ 
metal deposition, 123, 125, 12(), 
127; chlorate production, 279; 
copper refining, 215, 235; clec- 
troanalysis, 169; current capacity 
of storage cells, 345, 363; cal- 
cium cyanamide equilibrium, 491 ; 
electrolysis of ferromanganese an- 
odes, 260; electrolytic conduct- 
ance, 39; electrolytic detinning, 
254 ; electrolytic dissociation, 41 ; 
electrolytic oxidation, 156, 268; 
electrolytic reduction, 153; elec- 
tromotive force of storage cells, 
• 340 ; hydration of ions, 23 ; hydro- 
gen overvoltage, 112; hypo- 
chlorite production, 279; iodo- 
form pr^uction, 268 ; lead 
refining, 251 ; metal deposition, 
125 ff. ; nitric oxide equilibrium. 


494; oxygen overvoltage, 130; 
ozone equilibrium, 512; pas- 
sivity, 145 ff. ; perchlorate pro- 
duction, 282, 299; persulfate 
formation, 262, 264, 265; jwlari- 
zation, 123; rectifying action of 
films, 141 ; Hulfating of storage 
cells, 348; thermal conductivity 
of graphite, 401 ff. ; tin refining, 
256; transference numbers, ^ 
ff. ; zinc extraction, 205; zinc 
sponge* formation, 203 
Temperature, of arcs, 376; of forma- 
tion of calcium carbide, 411, of 
silicon carbide, 424; of reduction 
of silica, 424; of zinc distilling 
retorts, 485; uniformity of,, in 
electric furnaces, 405 
Tetrathionate, 26() 

Thallium, anodic behavior, 139; ex- 
traction, 212; impurity in cad- 
mium electrometallurgy, 207 
Thatcheii, 177, 266, 274 
Thermodynamics, second law of, 65; 

third law of, 83 
Thieo, 112,212 

'riuosulfate, 266 
Thomas, 187 

Thomas A p]i)isoN, lNf\, 331 
Thompson, L , 510 
Thomp.son, M. dkKay, 65, 175, 181, 
2(K), 267, 328, 105, 411, 428, 438, 
4.50, 484 , 491, 510, 511 
Tho.mpson. M. R , 18th 187, 188 
'Phompson, N. .1 , 267 
'PhornHon’s rule, 65 

'pHOMHSf:N, 120 

Thorpe, 392, 439, 442 
Throwing power, 185 
Thue.mmel, 1.33 
'Phury regulator, 405 
Time, effect on oxygen polarization, 
1.30; and formation of protecting 
films, 141 

Tin, anodic l^havior of, 133, 150; 
tin-bismuth alloys, 135; refining, 
2.52 ff ; extraction, 488; filiri on, 
1.39; hydrogen overvoltage on, 
112; impurity in electroqjctal- 
lurgy of other metals, 223, 251 , 
recovery from tin scrap, 254 
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Tindal oBonizer, 615 ^ 

Titanic acid, reduction of, 160 
Titaniferous iron ores, 461 
Titanium, impurity in alundum fur- 
nace, 435 

Titration with a galvanometer, 162 

Toabb, 102 

Tobpfer, 123 

Toepler, 376, 376 

Tolman, 37, 79 

Tombrock, 81 

Tone, 394, 426 

Toronto Railway Company, The, 323 
“Tough-pitch” copper, 229 
Tour, 507 

Townsend cell, 303, 304, 306 
Trail, British Columbia, 209, 252 
Transference number, 20 ff.; change 
with temperature and concentra- 
tion, 23; and constitution of 
electrolytes, 26; in fused salts, 
27 ; moving boundary method of 
determining, 23 ff. ; in non-aque- 
ous solutions, 27; in solutions 
with more than one electrolyte, 
26; table of, 22; true, 24 
Transport ratio. See tramfcrencc 
number. 

Traube, 270 

Treadwell, 169, 170, 171, 336 
Tri-chlor acetic acid, 43 
Tridymite, 391 

Trollhattan, Sweden, 486, 487 
Trumplbr, 336 

Tube winding, induction furnace, 383 
Tucker, 120, 412, 424, 448, 449, 508 
Tudor plate, 355 
Tumbling barn;!, 181 
Tungsten electrodes for arc in nitrogen, 
377; 507 

Turin, Italy, 466, 467 
Turkey red oil, 257, 294 
Turnbull, 463, 469 
Turnock, 366, 369 
Tuttle, 241 
Tuyeres, 454 
# 

Udylite process, 194 
Ultra-violet light, effect on oxygen 
dectrode, 92, 130; ionizing agent, 
376 


Ulkb, 236, 237, 250 
United Lead Company, 448 
United States Metals Repining 
Company, 214, 262 
United States Ozone fcoMPANV, 513 
United States Smelting, Repining, 
AND Mining Company, 207 
Urea, 493 • 

USLAR, 212 

Valence, effect on form of metal de- 
posit, 125 ; effect on formation of 
complex salts, 134 
Valve action, 140 
Vanadic acid, 152 

Vanadium, impurity in electrometal- 
lurgy of zinc, 203 
Vaporization of arc electrodes, 377 
Vapor pressure and activity, 75; and 
gas electrodes, 100 
Varley, 327 
Vaurbntrapp, 245 

Vector diagram, induction furnace, 382 
Veesenmeyeu, 336 
ViNAL, 7, 12, 367 

Viscosity correction in calculating dis- 
sociation, 36 
Volta, (>9 

Volta cell, 326 ‘ 

Volt, 524 

Voltage, critical, or maximum, 140; of 
carbon cell, 334; of galvanic cell, 
65 ; of high tension arc, 377 ; of 
low tension arc, 377 ; of ozonizers, 
515; of storage cells, 340, 360 ff. 
VoM Baur, 380, 405, 463, 464, 471, 488 
Vosmaer, 513, 517 
VuiLLBUMIER, 126 

Vulcanite Paving Company, 178, 200 

Waesbr, 270, 511 
Waidner, 376 
Walden, 17, 48, 51 
WalkbrJ E. C., 283 
Walker, W. H., 79, 292 
Walker system of connecting tanks, 
226 

Wallace, 449 
Warburo, 27, 495, 513 
Warner Chemipal Company, 307 
Warth, 412, 491 
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Washburn, 12; 31, 33 
Water, analysis, 162, 167 ; conductiv- 
ity, 45; coulomcter, 10, 149; 
dissociation of, 44; dissociation 
constant of, 76; electrolysis of, 
127, 321 fif. ; power, 387 
Waterdag, 432 
Watt, 524 

Watib, 183, 186, 189 
Weed induction furnace, 481 ff. 
Weqscheider, 42 
Wehnelt, 143 
Wehnelt interniptor, 143 
Weigand, 281 
Weintraub, 409, 426 
Weiss, 451 
Wentworth, 105 
Werlund, 191 

Western Electric Company, 246 
Westhaver, 128, 148 
Westinohouse Electric and Manu- 
facturing Company, 405 
Westman, 377 
Weston standard cell, 63 
West Virginia Pulp and Paper (Com- 
pany, 302 
Whitehead, 241 

Whitehead V-notch, 202, 226 ; process 
for reftfting pilver, 240 
Whiting, 31^ 

Whiting cell, 317 ff. 

Whitney, 56 

Whitney, North Carolina, 440 
Wiedemann, 52, 326 
Wilke, 491 
Willard, 163 
Willson, T. L., 373, 411 
Williams, 282 

Wilmington, Delaware, 306 
Wilson, J. H., 70 
Wilson, L. A., 112 
Wilson, R. E., 260 
WiNNE, 409 
W’iNNINOHOPP, 46 
Winteler, 281, 282 
WiPPELMANN, 123 


Wire bars, 230 
Wire brushes, 181* 

Wohler, 434, 439 1 ’ 

WoHLwiLL, 146, 241, 243, 244 
Wohlwill i)roccs8,'2.38 
Wolf, 409 

Wolverhampton, England, 450 

Wood, diaphragms, 176; cells, 178 

WoosT, 364 

Worm ANN, 45 

Wrought ifon, 455 

WULF, 112 

Wyandotte, Mk'higan, 310 

X-rays, 92, 125, 375 

Yamasaki, 1.50, 2.53, 284 
Yardley, 404 

Yields. SiH* th<‘ various products. 
Youtz, 260 

Zedner, 364 
Zkllner, 175 
Zeubku, 212 
Ziehen, 110 
Zimmerman, 125, 141 
Zme, amalgamated, 329, 331 ; cath- 
odes, 1.51, 152; complex ore, 202; 
elect ro'ina lysis of, 170; electrode 
poti'iitial of, 87, 122; electro- 
Ivlic, purity of, 205; extraction 
<)f, 202 ff ; 4.51, 48.5 ff. ; film on, 
1.39, 142; hydrogen overvoltage 
(jn, 112; impurity in elect rometal- 
lurgv of other metals, 209, 219, 
221, 223, 251 ; impurity in nickel 
plating solutions, 187; pickle for, 
183; jilating, 190 ff.; plating on, 
184 ; as reducing agent, 205, 207 ; 
refining. 247 ff. ; relative protect- 
ing })Ower f)f deposits from dif- 
fen nt solutions, 101 ; sixinge, 203. 
(.S<‘e also blue 
Zircon, .389 

Zirconium oxid(‘, 389, .193 
Zsigmondy, 57, 59, 61 











